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Examples of s i g n a l  levels and f r equenc ie s  whi le  
i n  an  alarm s t a t u s .  (Sly S 2  etc  are t h e  s i g n a l  
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a c c e l e r a t i o n  i s  U and t h e  maxzmum r e l a t i v e  
ra te  of descent  o r  a scen t  is  h . m 
Detect ion range and warning t i m e s  f o r  system wi th  
equal  (1%) f r a c t i o n  of f l y i n g  time i n  a n  alarm 
s t a t u s  (from hour 11 d a t a ) .  Warning t i m e s  are 






i v  
LIST OF FIGURES 











Funct ional  system diagram. 
Receiver (one-channel) . 
Modulation s p e c t r a  a t  va r ious  p o i n t s  i n  t h e  
system, 
Technique f o r  genera t ion  of alarm based on 
R ~ T  cr i ter ia .  
Simulat ion flow diagram. 
Average percent  of time t h a t  t h e  transponder 
s a t u r a t i o n  f a c t o r  is  g r e a t e r  than  s k  f o r  
hour 11 da ta .  
Average percent  of t i m e  t h a t  t h e  power output  
of t h e  transponder i s  g r e a t e r  than  Pk f o r  
v a r i o u s  outputs .  
Average percentage of t i m e  t h a t  t h e  power level 
a t  t h e  I F  Amp. inpu t  i s  g r e a t e r  than  Pk. (hour 
11 d a t a )  
Average percentage of t i m e  t h a t  t h e  rece ived  
power ( d i f f e r e n t i a t e d  s i g n a l s )  i s  g r e a t e r  than  
Rk (hour 11 d a t a ) .  
Average percentage of time t h a t  t h e  rece ived  
power ( d i f f e r e n t i a t e d  s i g n a l s )  i s  g r e a t e r  than  
Rk (hour 11 d a t a ) .  
Average percentage of time t h a t  t h e  receiver 
s i g n a l  t o  no i se  and i n t e r f e r e n c e  power r a t i o  
i s  g r e a t e r  than SNRk f o r  alarm s i t u a t i o n s  only.  
S igna l s  and no i se  power received a t  receiver 
on a i r c r a f t  of t r a c k  98 (hour 11 ) .  T i m e  base  
i s  t h e  t i m e  from t h e  start  of t h e  t r ack .  
F l i g h t  pa th  of t r a c k  98 (hour 11) i n d i c a t i n g  
alarms received.  Numbers i n  parentheses  are times 





















1 7  
D i s t r i b u t i o n  of re la t ive range t o  c l o s e s t  
a i r c r a f t  e 
D i s t r i b u t i o n  of re la t ive range t o  second 
c l o s e s t  a i r c r a f t  
Re la t ive  range d i s t r i b u t i o n s  p l o t t e d  on lognormal 
scale t o  i n d i c a t e  f i t  of d a t a  t o  t h e  lognormal 
d i s t r i b u t i o n  func t ion .  
Approximate p r o b a b i l i t y  t h a t  t h e  power l e v e l  
from t h e  k t h  c l o s e s t  a i r c r a f t  exceeds t h e  
s t a t e d  l e v e l .  0 db i s  t h e  power level  received 
from a t a r g e t  a t  1 n. m i .  range. 
18 Example of computer p r i n t o u t  f o r  f l i g h t  test da ta  
w e r e  ob ta ined  a t  f i v e  second i n t e r v a l s  during 
each f l i g h t  test .  











b. Ground r a d a r ,  experimental  and ca l cu la t ed  
c ,  
Ground t r a c k s  f o r  f l i g h t  tests. 
va lues  of r e l a t i v e  range vs .  t i m e .  
Percent  e r r o r  between ca l cu la t ed  and experimental  
range measurements p l o t t e d  vs  ground r a d a r  
(geometr ical)  range 
Phase p lane  ske tch  f o r  t he  tau-range-normal v e l o c i t y  
system i n d i c a t i n g  poss ib l e  alarm suppression due t o  
t h e  < v,k threshold  ( i . e .  t h e  magnitude of 5 
i s  used) .  See t e x t  f o r  d e f i n i t i o n  of t h e  nomenclature 
and assumed c o n s t r a i n t s .  69 
Phase p lane  p l o t  f o r  t h e  tau-range-normal v e l o c i t y  
s s t e m  i n d i c a t i n g  poss ib l e  alarm suppression due t o  a h < v& threshold  when only p o s i t i v e  5 i s  used 
(decreasing c los ing  v e l o c i t y ) .  For t h e  ske tch ,  Tk = 30 
secs. and Vnk = 240 k t s .  73  
v i  
LIST OF FIGURES (Continued) 
















2 Phase p lane  p l o t  f o r  t h e  R -r-range-normal 
v e l o c i t y  system i n d i c a t i n g  poss ib l e  alarm 
suppress ion  due t o  a R/R < y 
For t h e  ske tch ,  yk = .004 sek-l, and R2!= 
1000 nm2-sec are used. 
t h re sho ld .  
Coordinate system. 
P l o t  of t h e  extended modified t au  c r i te r ia  
(assumes a c c e l e r a t i o n  components normal t o  
t h e  v e l o c i t y  v e c t o r s ) .  
Curves of cons tan t  T and -r compared i n  
t h e  R, k plane. em m 
Detect i o n  block diagram. 
D e f i n i t i o n  of B .  
Normalized ga in  of l i m i t e r  f o r  fundamental 
component of i npu t  s i g n a l  (P) f o r  va r ious  
l e v e l s  of s i g n a l s  P and Q. 
Normalized ga in  of limiter f o r  fundamental 
component of i npu t  s i g n a l  (P) f o r  va r ious  
levels of s i g n a l s  P and Q f o r  t h i r d  s i g n a l  










Phase p lane  p l o t  i n d i c a t i n g  s l o p e  i s o c l i n e s  
f o r  t r a j e c t o r i e s  wi th  a c c e l e r a t i o n  no t  
exceeding k 1 / 2  g. A set of a l lowable  
t r a j e c t o r i e s  is  a l s o  sketched e 114 
Receiver d e t e c t o r  and doppler f i l t e r  
c h a r a c t e r i s t i c s .  1 1 7  
Power a t  I F  Amp. inpu t  (DBM). 118 
Compurer p r i n t o u t  of f l i g h t  test  s imula t ion  
f o r  F l i g h t  7A - 10E 124 - 138 
Transmi t te r  Az, p a t t e r n  (4.252 GHz) e 142 
Transmi t te r  E l .  p a t t e r n  (4.252 GHz) .  143 
LIST OF FIGURES (Continued) 
Figure No. 
6 3  
6 4  
G- 5 




Transponder r ece ive r  El. (4.252 GHz)  ID 
Transponder r e c e i v e r ,  E1.(2.702 G H z ) .  
Transponder t r a n s m i t t e r ,  E1.(1.5 G H z ) .  
Receiver El. (1.5 GHz) . 
Receiver Az. (1.5 GHz) .  
Example of Fourier  f i t .  
Measured r anee /ac tua l  range based on 









v i i i  
INVESTIGATION OF THE PERFORMANCE CHARACTERISTICS OF A 
DOPPLER RADAR TECHNIQUE FOR AIRCRAFT COLLISION HAZARD WARNING 
I. SUMMARY 
This r e p o r t  p re sen t s  t h e  r e s u l t s  of a computer s imula t ion  s tudy  of a 
coopera t ive  doppler r ada r  system f o r  a i r c r a f t  co l l i s ion-hazard  warning 
under development by NASA-Langley Research Center personnel .  The system 
performance under m u l t i p l e  a i r c r a f t  cond i t ions ,  wi th  p a r t i c u l a r  emphasis 
on t h e  problems of s a t u r a t i o n  and i n t e r f e r e n c e ,  i s  evaluated by s imula t ion  
of t he  system us ing  a d a t a  base cons i s t ing  of twelve one-hour samples of 
a i r c r a f t  p o s i t i o n  d a t a  obtained from t h e  ground r ada r  a t  t h e  At l an ta ,  
Georgia a i r p o r t .  I n  add i t ion ,  t h e  system e r r o r  sources  are determined by 
comparison of s imulated d a t a  wi th  f l i g h t  test  d a t a ,  and o t h e r  miscel laneous 
system problems are considered.  S t a t i s t i c a l  s t u d i e s  of t h e  d a t a  base  have 
been previous ly  documented i n  t h e  Phase I f i n a l  r e p o r t  [l] and Phase I1 
i n t e r im  r e p o r t  [ 2 ]  of t h i s  con t r ac t .  
11. INTRODUCTION 
I n  phase I of t h i s  c o n t r a c t ,  t h e  f e a s i b i l i t y  of a dynamic computer 
s imula t ion  of t h e  a i r c r a f t  c o l l i s i o n  hazard warning system developed by 
NASA-Langley personnel  w a s  i nves t iga t ed .  The s imula t ion  w a s  found t o  be  
f e a s i b l e  and w e l l  w i th in  t h e  c a p a b i l i t i e s  of t h e  a v a i l a b l e  d i g i t a l  computers. 
One of t h e  major o b j e c t i v e s  of t h e  phase I e f f o r t  w a s  t o  c o l l e c t  d a t a  
de f in ing  a i r c r a f t  motions i n  a t y p i c a l  a i r p o r t  t e rmina l  area. With FAA 
cooperat ion,  twelve one-hour samples of d i g i t i z e d  r ada r  d a t a ,  c o n t r o l l e r -  
a i r c r a f t  vo ice  communications t a p e s g  and c o n t r o l l e r  log shee t s  w e r e  c o l l e c t e d  
a t  t h e  At l an ta ,  Ga.termina1. These d a t a  were taken during morning, 
a f te rnoon,  and evening peak t r a f f i c  per iods  over a f i v e  day i n t e r v a l  
during t h e  month of August 1967. The d a t a  were e d i t e d  by FAA personnel  a t  
Nat ional  Aviat ion F a c i l i t i e s  Experimental Center (NAFEC) and made a v a i l a b l e  
t o  RTI i n  t h e  form of d i g i t a l  magnetic tape.  The e d i t e d  d a t a  con ta in ,  f o r  
t h e  ma jo r i ty  of t h e  a i r c r a f t  w i th in  a 35 m i l e  r a d i u s  of t h e  At l an ta  Ai rpo r t ,  
(1) p o s i t i o n  d a t a  i n  xyz coord ina tes  f o r  a l l  a i r c r a f t  under t r a c k  a t  four  
second i n t e r v a l s  (approximately 700 a i r c r a f t  t r a c k s  wi th  a t o t a l  f l i g h t  t i m e  
of approximately 119 hours ) ,  (2)  coord ina te  rates a t  four  second intervals  
f o r  a l l  a i r c r a f t  under t r a c k  and, (3) supplementary d a t a  such as 
i d e n t i f i c a t i o n  of a i r c r a f t  and t ime of day. 
d e t a i l  i n  t h e  Phase I1 In ter im Report on t h i s  c o n t r a c t  [ 2 ] .  
The d a t a  base is  descr ibed  i n  
The o b j e c t i v e s  of t h e  Phase I1 e f f o r t s  have been to :  (1) development 
of mathematical  models of t h e  c o l l i s i o n  avoidance system and development of 
computer s imula t ion  programs t o  eva lua te  t h e  performance of t h e  system; 
( 2 )  t o  u s e  t h e  d a t a  desc r ib ing  a t y p i c a l  te rmina l  area t o  conduct a d e t a i l e d  
s t a t i s t i ca l  a n a l y s i s  of t h e  e f f e c t i v e n e s s  of va r ious  parameters ( i . e . ,  
normalized doppler  rate,  t i m e  t o  c l o s e s t  approach, o r  p ro jec t ed  m i s s  
d i s t a n c e )  i n  reducing t h e  p r o b a b i l i t y  of f a l s e  alarms; and, (3) t o  provide 
a s s i s t a n c e  i n  t h e  planning and eva lua t ion  of f l i g h t  test d a t a  by use  of t h e  
s imula t ion  model. 
The e f f o r t  descr ibed  under (2)  above has  been repor ted  upon s e p a r a t e l y  
i n  t h e  Phase I1 In ter im Report. Hence, t h i s  r e p o r t  p re sen t s  t h e  s t u d i e s  
having t h e  o b j e c t i v e s  (1) and ( 3 )  descr ibed  above. 
Two experimental  c o l l i s i o n  warning systems have been cons t ruc ted  by 
LRC personnel  and have undergone f l i g h t  test eva lua t ion .  This eva lua t ion  
provided a good i n d i c a t i o n  of t h e  system performance when only two a i r c r a f t  
are involved. The computer s imula t ions  descr ibed i n  t h i s  r e p o r t  eva lua te  
t h e  system performance under m u l t i p l e  a i r c r a f t  condi t ions  and provide 
q u a n t i t a t i v e  r e s u l t s  on t h e  s e v e r i t y  of t h e  problem of s a t u r a t i o n  due t o  
m u l t i p l e  a i r c r a f t  i n t e r r o g a t i o n s .  
I n  t h e  fol lowing,  t h e  s imula t ion  techniques used are descr ibed  i n  
d e t a i l  and t h e  a n a l y t i c a l  models documented. The r e s u l t s  of t h e  experimental  
f l i g h t  tests are compared t o  s imulated r e s u l t s  and t h e  sources  of system 
e r r o r  are determined. The s e v e r i t y  of t h e  problem of system s a t u r a t i o n  and 
i n t e r f e r e n c e  i n  a m u l t i p l e  a i r c r a f t  environment i s  inves t iga t ed  i n  d e t a i l ,  
and conclusions and recommendations are given f o r  f u t u r e  work. 
2 
111. SIMULATION TECHNIQUES 
A. SYSTEM DESCRIPTION 
Figure 1 i n d i c a t e s  t h e  b a s i c  ope ra t ion  of t h e  system. The p ro tec t ed  
a i r c r a f t  i s  equipped wi th  a r ada r  u n i t  c o n s i s t i n g  of two t r a n s m i t t e r s ,  a 
receiver, and a d i s p l a y  console ,  and a l l  cooperat ing a i r c r a f t  have a 
t ransponder .  The p ro tec t ed  a i r c r a f t  t r ansmi t s  a p a i r  of s i g n a l s  a t  
d i f f e r e n t  f requencies .  These s i g n a l s  are rece ived  a t  t h e  in t rud ing  
a i r c r a f t  and mul t ip l i ed  t o  o b t a i n  a d i f f e r e n c e  frequency. The d i f f e r e n c e  
s i g n a l  i s  then  re - t ransmi t ted  t o  t h e  p ro tec t ed  a i r c r a f t  where i t s  frequency 
i s  compared wi th  t h e  d i f f e r e n c e  of t h e  t ransmi t ted  f requencies  t o  o b t a i n  
the  Doppler frequency as a measure of c los ing  v e l o c i t y .  Since t h e  
transponder output  power i s  p ropor t iona l  t o  t h e  product  of t h e  power of 
t he  two i n t e r r o g a t i n g  inpu t  s i g n a l s ,  t h e  s i g n a l  power re turned  t o  t h e  
r ece ive r  v a r i e s  i n v e r s e l y  wi th  range t o  the  s i x t h  power. This  r e l a t i v e l y  
sharp f a l l - o f f  of rece ived  power wi th  range permi ts  a r e l a t i v e l y  accu ra t e  
measure of range t o  be obtained from measurement of re turned  s i g n a l  power. 
To provide f o r  m u l t i p l e  access  t o  t h e  t ransponder ,  pseudo-random 
t r ansmi t t i ng  coding i s  used. Both of t h e  t ransmi t ted  s i g n a l s  are randomly 
frequency modulated; a s i n g l e  frequency i s  der ived  a t  t h e  transponder by 
m u l t i p l i c a t i o n  and f i l t e r i n g ,  and t h e  random modulated r e t u r n  s i g n a l  i s  
decoded a t  the  r e c e i v e r .  The s i g n a l s  due t o  m u l t i p l e  a i r c r a f t  in te r roga-  
t i o n s  appear a t  t h e  ownship r ece ive r  t o  have a noise- l ike  c h a r a c t e r i s t i c ,  
whi le  t h e  ownship r e tu rned  s i g n a l s  are e s s e n t i a l l y  s t a t i o n a r y  i n  frequency. 
Because of t h e  range l i m i t a t i o n  of t h e  r ada r  and t h e  use  of random 
t r a n s m i t t e r  coding, a l l  r ada r s  may ope ra t e  on t h e  same f requencies ,  
e l imina t ing  the  need f o r  s e p a r a t e  channel assignments f o r  each a i r c r a f t .  
Also, because of t h e  C.W. mode of ope ra t ion ,  t h e  peak t r a n s m i t t e r  powers 
are r e l a t i v e l y  low, a l lowing t h e  u s e  of s o l i d - s t a t e  equipment, and t h e r e  
i s  no s p e c i f i c  requirement f o r  a high degree of accuracy i n  any of t h e  
f requencies  involved. 
This  system i s  p r imar i ly  a coopera t ive ,  C.W, Doppler r ada r  which 
provides a p r e c i s e  measure of t he  c los ing  v e l o c i t y  of an  in t rud ing  a i r c r a f t ,  
3 
and a somewhat less p r e c i s e  measure of t h e  re la t ive  range between a i r c r a f t .  
The re la t ive range d iv ided  by t h e  c los ing  v e l o c i t y  i s  computed, and g ives  
a measure of t h e  " t i m e  t o  c o l l i s i o n . "  An i n d i c a t i o n  t o  t h e  p i l o t  of t h e  
d i r e c t i o n  t o  a hazardous t a r g e t  is  provided by a m u l t i p l e  l obe  r ece iv ing  
antenna and a s soc ia t ed  s i g n a l  processing t o  provide n ine  s e p a r a t e  i n d i c a t o r s  
of relative t a r g e t  bear ing (e.g.  up-r ight ,  up-center,  ahead-r ight ,  
down-left, e tc . ) .  
F igure  2 shows a more d e t a i l e d  block diagram of t h e  system. Not shown 
on t h i s  diagram are p rov i s ions  f o r  f i l t e r i n g  t h e  ownship t r a n s m i t t e r  s i g n a l  
from t h e  ownship transponder and the  ownship transponder r e t u r n  from t h e  
ownship receiver. The ope ra t ion  of t h e  system under m u l t i p l e  i n t e r r o g a t i o n s  
may be understood by in spec t ing  t h e  s p e c t r a l  d e n s i t i e s  i n  Fig. 3 .  The 
t r a n s m i t t e r  ou tputs  are composed of t h e  sum and d i f f e r e n c e  of t h e  two 
frequency modulated o s c i l l a t o r s .  
s i g n a l s  from every r ada r  i n t e r r o g a t i n g  i t ,  and w i l l  genera te  an  output  
s i g n a l  f o r  every c ros s  product  t h a t  e x i s t s .  
are i n t e r r o g a t i n g  t h e  t ransponder ,  fou r  c r o s s  products  w i l l  be  generated.  
Only two of t h e s e  products  are d e s i r a b l e ,  and t o  suppress  t h e  undesired 
products ,  t h e  t r ansmi t t ed  s i g n a l s  are randomly frequency modulated such 
t h a t  t h e i r  power is evenly d i s t r i b u t e d  over t h e  t r a n s m i t t e r  bandwidth. 
modulation i s  appl ied  such t h a t  i t  i s  coherent  between s i g n a l s  i n  a p a i r  
and not  coherent  between s i g n a l s  no t  i n  a p a i r .  Thus, t h e  noncoherent 
products  are spread over a band roughly two t i m e s  t h a t  of t h e  t r a n s m i t t e r  
bandwidth, whereas t h e  des i r ed  r e t u r n s  from t h e  transponder are spread 
The transponder r ece ives  a p a i r  of i npu t  
For in s t ance ,  i f  two r a d a r s  
This  
over a band determined by t h e  dev ia t ion  of FM o s c i l l a t o r  no. 2. 
t h e  t ransponder  passes  only t h e  d e s i r e d  s i g n a l s  and t h e  noncoherent power 
contained wi th in  t h e  des i r ed  s i g n a l  bandwidth. 
A f i l t e r  i n  
A t  t h e  r e c e i v e r ,  t h e  incoming s i g n a l s  are mixed wi th  t h e  s i g n a l  from 
FM o s c i l l a t o r  no. 2 t o  d e r i v e  t h e  d e s i r e d  r e t u r n s .  The des i r ed  r e t u r n s  
are thus  s t a t i o n a r y  i n  frequency a t  t h e  Doppler f i l t e r  ou tput  (except f o r  
t h e  Doppler s h i f t ) .  
o the r  r e c e i v e r s  i n  t h e  area are noncoherent wi th  t h e  mixer s i g n a l  and are 
Signals  en te r ing  t h e  receiver whieh are r e t u r n s  t o  
4 
PROTECTED AIRCRAFT INTRUDING AIRCRAFT 
f l  (4250 z 2.5 MHz) 
-----'.--- TRANSMITTER No. I 
12 (2700 f 2.5 MHz) ~- - - - 9 
f (1550 2 .5 MHz) 
TRANSMITTER No. 2 
3 
c- - - --- 
P 3 = k P  P 1 2  
f3 = f 2 - f 1  
Figure  1. Funct iona l  system diagram. 
f -f -(f -f )=f doppler 0 3  1 2  R E C E I V E R  
Figure  2. S impl i f ied  block diagram of transmitter, 
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spread over a bandwidth roughly twice t h a t  of t h e  transponder ou tpu t ,  
These noncoherent products  thus  appear as n o i s e  w i t h i n  t h e  Doppler f i l t e r  
bandwidth. 
One technique  f o r  genera t ing  t h e  warning alarm is shown i n  Fig.  4 ,  
u t i l i z i n g  a warning parameter designated as (R T ) .  I n  t h i s  technique,  
t he  Doppler s i g n a l  i s  d i f f e r e n t i a t e d  and de tec t ed  t o  provide a v o l t a g e  
r e l a t e d  t o  "time t o  c o l l i s i o n . "  
an alarm when t h i s  v o l t a g e  exceeds a c e r t a i n  l e v e l .  
2 
A threshold  c i r c u i t  i s  then used t o  g ive  
e = K A w  
1 d 2 I d  a 3 2 d  e = K Ao cos  w t e = A s i n w t  
THRESHOLD 
DIFFERENTIATE 
Tone SET THRESHOLD LEVEL 
-3 
A is  p ropor t iona l  t o  R 
w is  p ropor t iona l  t o  c los ing  v e l o c i t y  (V >, 
hence vo l t age  e i s  p ropor t iona l  t o  (R 
C 2 d 
3 
Fig. 4 .  Technique f o r  genera t ion  of alarm 
based on R2, cri teria.  
Two of t h e  systems have been constructed and i n s t a l l e d  i n  DC-4 
a i r c r a f t  f o r  f l i g h t  test eva lua t ion .  
I n  t h e  systems subjec ted  t o  f l i g h t  tests, s i g n a l  processing techniques 
w e r e  used t h a t  permit ted d e r i v a t i o n  of vo l t ages  p ropor t iona l  t o  range,  
c los ing  v e l o c i t y ,  and rate of change of c los ing  v e l o c i t y ,  as w e l l  as 
combinations of t hese  parameters.  Both analog and d i g i t a l  da t a  process- 
ing techniques have been evaluated during t h e  f l i g h t  test experiments. 
Addi t iona l  d e t a i l s  of t he  system opera t ion  are given i n  r e fe rence  [l] 
and [ 3 ] ,  and i n  t h e  fol lowing s e c t i o n s  of t h i s  r e p o r t .  
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B,  SYSTEM SIMULATIONS 
Severa l  s imula t ion  programs have been developed, each somewhat 
similar,  b u t  d i f f e r i n g  i n  input  d a t a ,  ou tput ,  and i n  c e r t a i n  i n t e r n a l  
d e t a i l s .  A gene ra l  d e s c r i p t i o n  of each of t h e s e  programs fol lows:  
1. Linear  pa th  s imula t ion :  
i npu t s :  pos i t i ons  and v e l o c i t i e s  of up t o  
15 a i r c r a f t , s y s t e m  parameters ,  and 
time i n t e r v a l s .  
geometr ical  parameters and warning 
cr i ter ia ,  transponder and receiver 
power l e v e l s ,  f requencies ,  alarm 
s t a t u s ,  s ignal- to-noise  r a t i o s ,  
s a t u r a t i o n  cond i t ion ,  i n t e r f e r e n c e  
l e v e l s  and output  vo l t ages  vs t i m e .  
(For a l l  t ransponders  and one se- 
l e c t e d  r e c e i v e r ) .  
ou tputs  : 
2, Atlanta  d a t a  s imula t ion :  
i npu t s  : At lan ta  r ada r  d a t a ,  system 
parameters,  t r a c k  s e l e c t e d  f o r  
a n a l y s i s ,  and time i n t e r v a l s .  
ou tputs  : same as i n  (1) 
3 .  F l i g h t  test s imula t ion :  
i npu t s  : Radar d a t a  from Wallops FPQ-6 and 
FPS-16 r a d a r s ,  system parameters,  and 
experimental  f l i g h t  test da ta .  
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ou tpu t s  : Geometrical parameters and warning 
c r i t e r i a ,  system ou tpu t s  vs t i m e  
as i n  (l), r ece ive r  vo l t ages  
corresponding t o  geometr ica l  
parameters and warning cr i ter ia ,  break- 
down of system e r r o r s ,  and comparison 
of geometr ical  (ground r a d a r )  
ca l cu la t ed  (s imulated warning system) 
and experimental  ( f l i g h t  test d a t a )  
measurements. 
4 .  Sa tu ra t ion  eva lua t ion :  
i npu t s  : At lan ta  r ada r  d a t a  and system 
parameters 
ou tputs  : S t a t i s t i c a l  d a t a  on system power l e v e l s ,  
alarm condi t ion ,  and s a t u r a t i o n  
condi t ion ,  assuming f u l l  s imulated 
warning systems on a l l  a i r c r a f t  i n  t h e  
d a t a  base.  
A gene ra l  f low c h a r t  f o r  t he  system s imula t ion  program i s  shown i n  Fig. 5. 
This  c h a r t  i n d i c a t e s  t h e  b a s i c  program which i s  used,  wi th  s l i g h t  modifica- 
t i o n s ,  i n  t h e  programs descr ibed  above. 
C, ANALYTICAL MODELS 
I n  t h e  phase I r e p o r t  E 1 3  a n a l y t i c a l  models are documented t h a t  provides  
f o r  c a l c u l a t i o n s  of s i g n a l ,  no i se ,  and i n t e r f e r e n c e  levels  a t  va r ious  p o i n t s  
i n  t h e  t ransponders  and r e c e i v e r s  e 
models have been developed i n  phase I1 of t h e  s tudy t o  provide a more 
r e a l i s t i c  r e p r e s e n t a t i o n  of t h e  behavior of t h e  systems as p r e s e n t l y  con- 
s t r u c t e d ,  
Addi t iona l  a n a l y t i c a l  and emperical  
9 
PARAMETERS POS. DATA 
COORDINATES (x , y , z )  





RELATIVE AZIMUTH MATRIX AZ (I, J )  
RELATIVE ELEVATION MATRIX EL(1,J) 
RELATIVE RANGE MATRIX R(1,J) 
CLOSING VELOCITY MATRIX VC(1,J) 
WARNING CRITERIA 
I 
FORWARD LOSS MATRIX XL(I,J) 
RETURN LOSS MATRIX XLR(J,I) 
FREQUENCY MATRIX FRER(J) 
NOISE POWER MATRIX 
CROSS PRODUCT POWER MATRIX 
CAL. RCVR. 
CROSS-PRODUCT POWER MATRIX 
UNDESIRED SIGNAL POWER MATRIX 
SIGNAL POWER AND FREQUENCY FROM EACH TRANSPONDER 
SIGNAL-TO-NOISE RATIO MATRIX 
MEASURED RANGE, RANGE RATE AND WARNING CRITERIA 
ALARM STATUS 
Figure 5. Simulation flow diagram. 
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The major ref inements  incorpora ted  i n  the  phase I1 s imula t ions  are 
summarized as: 
1. More accu ra t e  r ep resen ta t ion  of t h e  system antenna 
p a t t e r n s  using a Four ie r  a n a l y s i s  of t h e  
experimental  p a t t e r n s .  
2.  Representat ion of t h e  r ece ive r  amplitude-frequency 
response by empi r i ca l  func t ions  f i t t e d  t o  
experimental  c a l i b r a t i o n  d a t a  taken a t  LRC. 
3 .  Development of a mathematical  model of t h e  output  
of a l imi te r -product  d e t e c t o r  c i r c u i t  wi th  
several inpu t  s i g n a l s  
4 .  Considerat ion of each t ransmi t ted  s i g n a l  s epa ra t e ly  
in s t ead  of assuming equal  pa th  l o s s e s  and 
antenna c h a r a c t e r i s t i c s  f o r  both t r ansmi t t ed  
f requencies .  
5. Incorpora t ion  of t i m e  response i n  t h e  receiver 
c a l c u l a t i o n s  i n  accordance wi th  t i m e  cons tan ts  
used i n  t h e  a c t u a l  systems. 
6. Provis ion  f o r  t h e  s imula t ion  of t h e  analog d a t a  
processing accomplished i n  t h e  r e c e i v e r  based 
on experimental  c a l i b r a t i o n  da ta .  
7. Incorpora t ion  of an  e r r o r  breakdown g iv ing  ca l cu la t ed  
measurement e r r o r s  as re ferenced  t o  an  i d e a l  
r ece ive r  and t o  experimental  f l i g h t  test da ta .  
Details of t h e  above ref inements  are given i n  Appendix D (Receiver 
Data Processing) ,  Appendix B (The Output of a Product-Detector L i m i t e r  
C i r c u i t )  and Appendix G (Representat ion of Antenna P a t t e r n s ) .  
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I V ,  SATURATION AND INTERFERENCE STUDIES 
A.  GENERAL 
The r a d a r  t r a f f i c  d a t a  from t h e  At l an ta  te rmina l ,  as mentioned i n  
t h e  i n t r o d u c t i o n  and analyzed i n  d e t a i l  i n  r e fe rence  [2 ] ,  permit s t u d i e s  
of p a r t i c u l a r  a spec t s  of t h e  system performance by computer s imula t ion .  
A d e t a i l e d  warning system can be s imulated on each a i r c r a f t  i n  t h e  d a t a  
base,  and s ta t i s t ics  determined on performance measures of i n t e r e s t .  
I n  t h e  s tudy of t h e  s a t u r a t i o n  problem, t h e  system parameters of 
i n t e r e s t  i nc lude  t h e  s i g n a l ,  i n t e r f e r e n c e ,  and n o i s e  l e v e l s  a t  v a r i o u s  
po in t s  i n  t h e  transponder and r e c e i v e r .  A good measure of t h e  s e v e r i t y  
of t h e  s a t u r a t i o n  problem i s  given by a s t a t i s t i c  such as " the  average 
percentage of f l y i n g  t i m e  i n  t h e  te rmina l  area t h a t  a c e r t a i n  power 
l e v e l  exceeded a s p e c i f i e d  level." This  s t a t i s t i c  a l s o  provides  a n  
unbiased estimate of t h e  p r o b a b i l i t y  t h a t  a randomly s e l e c t e d  system w i l l  
have a power l e v e l  exceeding t h e  s p e c i f i c  l e v e l  a t  any p a r t i c u l a r  i n s t a n t  
of t i m e .  
Another s t a t i s t i c  of i n t e r e s t  i s " t h e  average percentage of f l y i n g  
t i m e  i n  t h e  te rmina l  area t h a t  a c e r t a i n  power l e v e l  exceeded a s p e c i f i e d  
l e v e l  whi le  t h e  system w a s  i n  an alarm s t a t u s . "  This  s ta t is t ic  i n d i c a t e s  
t he  s e v e r i t y  of both t h e  m u l t i p l e  hazard and i n t e r f e r e n c e  problems. 
example, i f  t h e  second l a r g e s t  s i g n a l  power l e v e l  a t  a given receiver 
exceeded t h e  alarm threshold  of t h e  r ece ive r  f o r  a l a r g e  percentage of 
t he  t i m e ,  a m u l t i p l e  t a r g e t  problem would e x i s t .  A s  another  example, i f  
t h e  s igna l - to- in te r fe rence  r a t i o  f o r  t he  l a r g e s t  s i g n a l  a t  a given 
receiver (while i n  an alarm s t a t u s )  i s  s m a l l  f o r  a l a r g e  percentage of 
t he  t i m e ,  an  i n t e r f e r e n c e  problem e x i s t s .  
For 
Thus, i n  t h e  fol lowing,  r e s u l t s  are presented i n d i c a t i n g  t h e  above 
mentioned s ta t i s t ics  on va r ious  power l e v e l s  f o r  hour 11 of t h e  At l an ta  
d a t a  base.  During t h i s  hour,  68 a i r c r a f t  w e r e  p re sen t  wi th  a t o t a l  f l y i n g  
t i m e  of 13 -6  hours [ 2 ] .  
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B. TRANSPONDER CHARACTERISTICS 
1. Mixer S a t u r a t i o n  
The l i n e a r  turn-around transponder d e v i a t e s  from l i n e a r i t y  due 
t o  two major e f f e c t s .  
of t h e  balanced mixer c i r c u i t  t h a t  e f f e c t i v e l y  m u l t i p l i e s  t h e  two 
incoming s i g n a l s  and d e r i v e s  t h e  low-level ou tput  s i g n a l  ( see  f i g u r e  2) ,  
The o the r  e f f e c t  i s  t h e  dev ia t ion  from l i n e a r i t y  of t h e  output  l i n e a r  
ampl i f i e r  chain.  
s i g n a l s ,  t h e  balanced mixer i s  t h e  component t h a t  tends t o  s a t u r a t e  f i r s t  
as t h e  inpu t  power l e v e l s  are increased .  
One e f f e c t  i s  t h a t  of exceeding t h e  dynamic range 
Experimental d a t a  i n d i c a t e  t h a t  wi th  one set of i npu t  
A t h e o r e t i c a l  s tudy of mixer s a t u r a t i o n  ( see  r e fe rence  [l]) i nd ica t ed  
t h a t  t h e  mixer s a t u r a t i o n  w a s  a func t ion  of t h e  t o t a l  power inpu t  t o  t h e  
mixer, and t h a t  t h e  e f f e c t  of transponder s a t u r a t i o n  could be represented  
s a t i s f a c t o r i l y  by a model, 
Fx Pa i j  Pbi. 
P s  = 
i j  N 
where 
PSij 
P a  = power inpu t  from a i r c r a f t  i a t  t ransponder  j a t  
= power output  of t ransponder  j due t o  t r a n s m i t t e r  i n  
a i r c r a f t  i 




= power inpu t  from a i r c r a f t  i a t  t ransponder  j a t  
frequency b 
= o v e r a l l  g a i n  cons tan t  f o r  transponder 
X 
K = experimental ly  determined cons tan t  approximately 
equal  t o  the  ga in  of t h e  t ransponder  from the  
inpu t  t o  t h e  mixer,  d iv ided  by t h e  mixer b i a s  
power ( u n i t s  of MW-') 
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The denominator of eq. (1) has been designated as t h e  ' ' s a tu ra t ion  f a c t o r "  
f o r  t h e  t ransponder .  Notice  t h a t  t h i s  term i s  a l s o  t h e  nominal g a i n  
divided by t h e  a c t u a l  g a i n  f o r  a given s i g n a l ,  o r  
nominal g a i n  Sa t .  f a c t o r  (S ) = K a c t u a l  g a i n  
F igure  6 shows t h e  r e s u l t s  of t h e  s imula t ion  s tudy  i n d i c a t i n g  t h e  
average percentage of t i m e  t h a t  an a i r c r a f t  t ransponder  " s a t u r a t i o n  
f ac to r "  exceeded a level  s p e c i f i e d  along t h e  h o r i z o n t a l  a x i s .  
a va lue  of 1.3 w a s  exceeded only .6% of t h e  time; t h i s  corresponds t o  a 
gain r educ t ion  of only 1.1 db. 
For example, 
In spec t ion  of t h e  curve i n d i c a t e s  t h a t  t h e  median ga in  r educ t ion  
f a c t o r  i s  1.05 and t h a t  t h e r e  i s  a low (" .01) p r o b a b i l i t y  of exceeding 
1.4.  These levels are acceptab le ,  hence transponder mixer s a t u r a t i o n  
does no t  appear t o  be  a problem under hour 11 (congested) f l i g h t  
cond i t ions ,  and wi th  t h e  system parameters (ga ins ,  bandwidths, e t c . )  
used i n  t h e  cons t ruc t ion  and s imula t ion  of t h e  system. 
2. S igna l  and I n t e r f e r e n c e  Levels 
Another f a c t o r  of importance i n  judging t h e  transponder performance 
is  t h e  level of t h e  c r o s s  modulation products  i n  t h e  transponder r e s u l t i n g  
from m u l t i p l e  i n t e r r o g a t i o n s .  I f  n a i r c r a f t  are i n t e r r o g a t i n g  t h e  
transponder a t o t a l  of n(n-1) c r o s s  products  are generated.  
random modulation of t h e  t ransmi t ted  s i g n a l s 9 t h e  c r o s s  products  are 
spread over a bandwidth determined by the  frequency dev ia t ion  of t h e  two 
o s c i l l a t o r s  i n  t h e  t r a n s m i t t e r  ( s ee  s p e c t r a l  dens i ty  i n  Fig.  3 ) .  
Because of t h e  
Curves i n d i c a t i n g  t h e  average percent  of t i m e  t h a t  t h e  c ros s  product  
power and t h e  no i se  p lus  t h e  c r o s s  product power exceeded a l e v e l  g r e a t e r  
than a s p e c i f i e d  va lue  are shown i n  Fig. 7.  The power l e v e l s  are r e f e r r e d  
t o  t h e  transponder output  (30 dbm maximum ou tpu t ) .  A s  may be seen  from t h e  




1.3 1.2 1.1 
Figure 6 ,  Average percent  of t i m e  t h a t  t h e  transponder 
s a t u r a t i o n  f a c t o r  i s  g r e a t e r  than S f o r  
hour 11 da ta .  k 
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TRANSPONDER OUTPUT POWER (Pk), DBM 
Figure 7 .  Average percent  of time t h a t  t h e  power output  of t he  
transponder i s  g r e a t e r  than P f o r  var ious  outputs .  k 
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r a r e l y  exceeds 9 dbm. 
i s  approximately -6 dbm. 
The median va lue  of no i se  p l u s  c r o s s  product  power 
Figure 7 a l s o  p l o t s  curves  i n d i c a t i n g  t h e  average percent  of t i m e  
t h a t  t h e  t o t a l  ou tpu t ,  t h e  l a r g e s t  s i g n a l  ou tput ,  and t h e  second l a r g e s t  
s i g n a l  ou tput  exceeded t h e  va lue  s p e c i f i e d  on t h e  h o r i z o n t a l  a x i s .  Note 
t h a t  t h e  t o t a l  ou tput  power i s  w e l l  below t h e  30 dbm maximum va lue  f o r  a l l  
cases .  
From t h e  curves of Fig.  7 ,  we  conclude t h a t  t h e  t ransponder  i s  
ope ra t ing  w e l l  w i t h i n  i t s  des ign  va lues  under hour 11 condi t ions .  For 
condi t ions  e x i s t i n g  dur ing  t h i s  hour t h e  c r o s s  product power i s  no t  an  
excess ive  percentage of t h e  t o t a l  ou tput  power, and t h e  p r o b a b i l i t y  of 
exceeding t h e  des ign  maximum output  of t h e  transponder i s  very  low. 
C. RECEIVER 
1. S igna l s  i n  Receiver 60 MHz I F  Amplifier 
Figure 8 p l o t s  t h e  l a r g e s t ,  second l a r g e s t ,  etc. up t o  t h e  f i f t h  
l a r g e s t  s i g n a l  i n  t h e  r e c e i v e r  I F  ampl i f i e r .  
t h e  percent  of t i m e  t h a t  t h e  power level exceeded t h e  va lue  along t h e  
h o r i z o n t a l  a x i s ,  f o r  hour 11 da ta .  These power l e v e l s  are r e f e r r e d  t o  t h e  
inpu t  of t h e  I F  a m p l i f i e r  (-85 dbm corresponds t o  a t a r g e t  a t  a range of 
5 m i l e s ) .  
Again t h e s e  curves r ep resen t  
The s t a t i s t i ca l  ana lyses  of t h e  same hour of d a t a  repor ted  i n  t h e  Phase 
I1 In te r im Report [ 2 ]  i nd ica t ed  t h a t  60 percent  of t h e  t i m e  t h e r e  would be 
a t  least one a i r c r a f t  w i t h i n  5 m i l e s  of a randomly s e l e c t e d  a i r c r a f t .  The 
d a t a  i n  Fig. 8 i n d i c a t e  t h a t  t h e  s i g n a l  level from the  c l o s e s t  a i r c r a f t  
exceeds t h e  power l e v e l  corresponding t o  5 n a u t i c a l  m i l e s  only 30 percent  
of t h e  t i m e .  The d i f f e r e n c e  between these  percentage va lues  i s  ev iden t ly  
due t o  t h e  f i l t e r i n g  by t h e  system antenna c h a r a c t e r i s t i c s .  
The r e c e i v e r  n o i s e  level i s  approximately -104 dbm, hence t h e  s igna l -  
The l a r g e s t  to-noise  r a t i o s  are h igh  f o r  a l a r g e  percentage of t h e  t i m e .  
s i g n a l  exceeds t h e  n o i s e  level 75  percent  of t h e  time. 
of t h e  curves i n d i c a t e  t h a t  a dynamic range i n  t h e  receiver I F  of 45 d6 
should be  adequate  t o  prevent  s a t u r a t i o n ,  wi th  h igh  p r o b a b i l i t y .  
The l a r g e s t  
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Figure  8. Average percentage  of t i m e  t h a t  t h e  power l e v e l  a t  
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2. Receiver Doppler F i l t e r  Output 
The Doppler f i l t e r  i n  t h e  r e c e i v e r  i s  assumed t o  have a 3 KHz 
bandwidth and an i d e a l  frequency response from 100 t o  3,000 Hz. 
Figure  9 p l o t s  t h e  percent  of t i m e  t h a t  v a r i o u s  power levels a t  t h e  
r e c e i v e r  Doppler f i l t e r  exceeded t h e  l e v e l  p l o t t e d  along t h e  h o r i z o n t a l  
a x i s .  
corresponding t o  a t a r g e t  a t  4 n a u t i c a l  m i l e s  and c los ing  a t  a v e l o c i t y  
of 240 knots .  This r e fe rence  l e v e l  w a s  s e l e c t e d  so t h a t  a 1,000 cyc le  
Doppler s i g n a l  from a t a r g e t  a t  5 m i l e s  would provide a -85 dbm power 
level t h a t  w a s  used i n  t h e  preceding p l o t  (Figure 8) .  
t h e  s i g n a l s  are re ferenced  t o  a level corresponding t o  t h e  I F  a m p l i f i e r  
i n p u t ,  i t  should be noted t h a t  t h e  s i g n a l s  have been passed through a 
d i f f e r e n t i a t i n g  a m p l i f i e r ,  hence t h e  power levels are a func t ion  of t h e  
Doppler frequency. 
The power levels are re ferenced  t o  a level  of -76.4 dbm, 
Even though 
Figure  9 a l s o  p l o t s  "average percent  of t i m e "  curves  f o r  t h e  c r o s s  
product power levels generated i n  t h e  t ransponder  and t h e  "undesired 
s i g n a l  power". This lat ter power r e p r e s e n t s  s i g n a l s  t h a t  a r i se  from 
transponder  s i g n a l s  t h a t  are r e t u r n s  t o  o the r  receivers i n  t h e  popula t ion  
of a i r c r a f t .  
r ep resen t  n o i s e  l i k e  s i g n a l s  spread a c r o s s  t h e  doppler  bandwidth. These 
power l e v e l s  have been combined wi th  t h e  no i se  power l e v e l  i n  a composite 
curve designated as t h e  n o i s e  p l u s  i n t e r f e r e n c e  power i n  Fig. 9. 
We no te  from t h e  curves t h a t  t h e r e  is a low p r o b a b i l i t y  t h a t  t h e  no i se  
The c r o s s  product power and undesired s i g n a l  power both 
p lus  t h e  i n t e r f e r e n c e  power w i l l  exceed t h e  threshold  level of t h e  
d e t e c t o r .  Thus, alarms caused by i n t e r f e r i n g  s i g n a l s  should be n e g l i g i b l e  
under t h e  condi t ions  represented  dur ing  t h i s  hour of t h e  d a t a  base.  The 
c r o s s  product power term i s  t h e  most s i g n f i c a n t  i n t e r f e r e n c e  source.  By 
e x t r a p o l a t i o n  of t h e  no i se  p l u s  i n t e r f e r e n c e  power leve l  curve,  w e  can 
estimate t h e  p r o b a b i l i t y  of a f a l s e  alarm due t o  i n t e r f e r e n c e  as 4 x 
3 .  Receiver S igna l  Levels Under A l a r m  Conditions 
The preceding curves on t h e  receiver power l e v e l s  have considered 
t h e  o v e r a l l  r ece ive r  ope ra t ion  dur ing  f l i g h t s  i n  t h e  te rmina l  area. 
A major i n t e r e s t ,  however, i s  t h e  s i g n a l  level during an  a c t u a l  alarm 
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F igu re  9. Average percentage of t i m e  t h a t  t h e  r ece ived  
power ( d i f f e r e n t i a t e d  s i g n a l s )  i s  g r e a t e r  
t han  % (hour 11 d a t a ) .  
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condi t ion .  That i s ,  w e  are i n t e r e s t e d  i n  t h e  n o i s e  and i n t e r f e r i n g  
s i g n a l  levels wh i l e  t h e  system i s  i n  an  alarm s t a t u s .  
F igure  10 p l o t s  t h e  percent  of t i m e  t h a t  t h e  rece ived  s i g n a l  
exceeded a level % €or  t h e  receiver i n  an  alarm s t a t u s .  
curves ,  a hazardous s i t u a t i o n  (alarm condi t ion)  i s  def ined  by 
For t h e s e  
2 2 
R T < 1000 nm -sec (3 )  
where R i s  t h e  re la t ive range and T i s  t h e  approximate t i m e  t o  c l o s e s t  
approach. The rece ived  power leve l  corresponding t o  t h e  above geometr ica l  
d e f i n i t i o n  i s  -76.4 dbm. 
frequency, t h e  express ion  f o r  t h e  d i f f e r e n t i a t e d  power i s  given by equat ion  
I n  terms of received power levels and doppler  
( 4 )  
Pd = -79 + 20 log  I&/ dbm ( 4 )  
where Pd i s  t h e  d i f f e r e n t i a t e d  power and f d  i s  t h e  doppler frequency i n  Hz. 
A s  may be seen i n  Figure 10,  t h e  second l a r g e s t  s i g n a l  and t h i r d  l a r g e s t  
s i g n a l  whi le  i n  an  alarm s t a t u s  are less than  t h e  s i g n a l  causing t h e  alarm 
wi th  h igh  p r o b a b i l i t y .  
alarm 2.4 percent  of t h e  time whi le  t h e  second l a r g e s t  s i g n a l  exceeded t h e  
threshold  l e v e l  approximately .04 percent  of t h e  t i m e .  
Figure 11 i n d i c a t e s  t h e  percent  of t i m e  t h a t  t h e  r ece ive r  s i g n a l  t o  
The system under hour 11 condi t ions  ind ica t ed  an  
no i se  p l u s  i n t e r f e r e n c e  power r a t i o  i s  g r e a t e r  than  t h e  level p l o t t e d  along 
t h e  h o r i z o n t a l  a x i s  f o r  t h r e a t  s i t u a t i o n s  only.  A s  may be seen from t h e  
curve,  t h e  p r o b a b i l i t y  t h a t  t h e  l a r g e s t  s i g n a l  t o  no i se  r a t i o  exceeds 20 db 
i s  on t h e  order  of .9, given t h a t  t h e  receiver i s  i n  an alarm s t a t u s .  
No cases  w e r e  observed i n  which t h e  s i g n a l  t o  n o i s e  r a t i o  w a s  less than  
10 db f o r  t h e  s i g n a l  causing t h e  alarm. 
From Figs .  10 and 11 we can conclude t h a t ,  when i n  an  alarm s t a t u q  wi th  
t h e  threshold  cond i t ion  def ined  by eqs.  3 and 4 , the  i n t e r f e r i n g  s i g n a l s  and 
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Figure  10. Average percentage  of t ime t h a t  t h e  rece ived  power 
l e v e l  is  g r e a t e r  than  % for alarm s i t u a t i o n s  only.  
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Figure 11. Average percentage of time t h a t  t h e  r e c e i v e r  s i g n a l  t o  
n o i s e  and i n t e r f e r e n c e  power r a t i o  i s  g r e a t e r  than  SN% 
f o r  alarm s i t u a t i o n s  only.  
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no i se  w i l l  no t  be a t  a level such t h a t  they  i n t e r f e r e  wi th  t h e  proper  
ope ra t ion  of t h e  warning system. 
r a t i o s  dur ing  an  alarm are s u f f i c i e n t l y  h igh  such t h a t  a d d i t i o n a l  informa- 
t i o n ,  such as range a c c e l e r a t i o n ,  can be der ived  w i t h  t h e  s i g n a l  process ing  
equipment. 
The s i g n a l  t o  n o i s e  p l u s  i n t e r f e r e n c e  
4. Typica l  S igna l  Spec t ra  i n  While i n  A l a r m  S t a t u s  
It i s  informat ive  t o  n o t e  i n  d e t a i l  t h e  power levels  and 
f requencies  of t h e  f i v e  l a r g e s t  s i g n a l s  (with c l o s i n g  doppler)  from which 
t h e  s ta t i s t ics  of Fig. 10  and 11 are obtained.  
l i s t  of t h e s e  f i v e  l a r g e s t  s i g n a l s  during alarm condi t ions .  
i n d i c a t e s  t h e  power levels,  s i g n a l  t o  n o i s e  p l u s  i n t e r f e r e n c e  r a t i o s ,  and 
doppler f requencies  as shown i n  t h e  Table heading. 
i n  Table 1 were s e l e c t e d  a t  random from t h e  t o t a l  of 131 alarm cases 
observed i n  t h e  hour 11 d a t a  base.  
Table 1 shows a p a r t i a l  
The Table  
The s p e c i f i c  cases shown 
It should be noted t h a t  i n  most cases t h e  f i f t h  l a r g e s t  s i g n a l  i s  
considerably below t h e  receiver n o i s e  level hence, t h e  d a t a  i n d i c a t e  
approximately t h e  s i t u a t i o n  t h a t  would b e  observed on a audio s i g n a l  
analyzer  looking a t  t h e  d i f f e r e n t i a t e d  s i g n a l  from t h e  doppler f i l t e r  i n  
t h e  receiver. ( i . e .  u s u a l l y  less than  5 s i g n a l s  are observable)  
D. RECEIVED SIGNAL AND INTERFERENCE LEVELS VS TIME 
While t h e  ope ra t ion  of t he  system i s  adequately explained by t h e  
s ta t i s t ica l  curves given i n  t h e  preceding s e c t i o n s ,  i t . i s  i n t e r e s t i n g  t o  
examine t h e  t i m e  h i s t o r y  of s p e c i f i c  r ece ive r  opera t ion .  For t h i s  reason ,  
a p a r t i c u l a r  receiver w a s  s e l e c t e d  from t h e  " t h r e a t  s e l e c t i o n  t ab le s"  
given i n  r e fe rence  1. This  t r a c k  w a s  s e l e c t e d  because a s i t u a t i o n  occurred 
i n  which an  alarm should have been noted on t h e  receiver. The t r a c k  
s e l e c t e d  w a s  t r a c k  98 i n  t h e  hour 11 d a t a  base,  which had a t o t a l  f l i g h t  
time of approximately l l m i n u t e s  and w a s  a r r i v i n g  a t  t h e  terminal .  
F igure  1 2  p l o t s  t h e  received power levels ve r sus  time f o r  t h e  l a r g e s t  
s i g n a l  rece ived ,  t h e  l a r g e s t  d i f f e r e n t i a t e d  s i g n a l ,  and t h e  no i se  p l u s  
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Figure 12.  Signals and noise power received a t  receiver on a i r c ra f t  
of track 98 (hour 11). Time base is the time from the 















SIGNALS REDUCED IN THIS INTERVAL BECAUSE 
A/C OF TRACK 98 WAS HEADED AWAY FROM ALL 
A/C IN THE DATA BASE (SEE FLIGHT PATH IN 
FIGURE 13.) 
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Figure 12 e (Continued) e 
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a minus 67 dbm power leve l  represented  a threshold  corresponding t o  
R T = 1,000 nm - sec (note  t h a t  t h e  threshold  leve l  i s  d i f f e r e n t  from t h a t  
used on t h e  s ta t is t ical  curves ,  however t h e  geometr ica l  warning cr i ter ia  
i s  t h e  s a m e  as given i n  eq. 3 ) .  Note t h a t  t h e  n o i s e  p l u s  i n t e r f e r e n c e  
power level i s  w e l l  down from t h e  s i g n a l  levels throughout t h e  whole t r ack .  
Three s e p a r a t e  alarm per iods  are ind ica t ed  by t h e  shaded area where t h e  
l a r g e s t  d i f f e r e n t i a t e d  s i g n a l  exceeds t h e  threshold  level. 
2 2 
A t  6 1 / 2  minutes a f t e r  t h e  s ta r t  of t h e  t r a c k  t h e  s i g n a l s  appear t o  
drop o u t  and a l l  power levels reduced t o  t h e  receiver n o i s e  level.  The 
reason f o r  t h i s  dropout w a s  examined i n  d e t a i l  and determined t o  be due t o  
t h e  f a c t  t h a t  t h e  a i r c r a f t  of t r a c k  98 w a s  heading away from a l l  o t h e r  
a i r c r a f t  i n  t h e  d a t a  base  during t h e  time i n t e r v a l  of t h e  dropout.  F igure  
13  p l o t s  t h e  f l i g h t  pa th  of t r a c k  98 s o  t h a t  t h e  p o s i t i o n  on t h e  t r a c k  can 
be c o r r e l a t e d  w i t h  t h e  s i g n a l s  received.  A t  t h e  time of t h e  s i g n a l  dropouts  
t h e  a i r c r a f t  t r a c k  98 w a s  headed away from t h e  a i r p o r t  a t  a range of 
approximately 12  m i l e s  
A l so  ind ica t ed  on Fig.  13 are t h e  t r a c k s  of a i r c r a f t  t h a t  caused t h e  
r e c e i v e r  of t r a c k  97 t o  i n d i c a t e  an  alarm. The f i r s t  two alarms were 
rece ived  j u s t  a f t e r  4 minutes i n  t h e  t r a c k  when t h e  a i r c r a f t  observed o the r  
a i r c r a f t  on t h e  f i n a l  approach t o  t h e  runway ( t r a c k  8 7 ) .  The t h i r d  alarm 
occurred due t o  a crossover  of t r a c k  97 j u s t  a f t e r  6 minutes i n t o  t h e  t r ack .  
A t  t h e  t i m e  t h e  alarm w a s  rece ived  on t r a c k  98, t h e  approximate t i m e  t o  
c l o s e s t  approach w a s  33 seconds and t h e  p ro jec t ed  m i s s  d i s t a n c e  w a s  .75 
n, m i .  Track 98 w a s  a t  2700 f t  a l t i t u d e  and descending,while t r a c k  97 w a s  
a t  1700 f t .  and f l y i n g  l e v e l .  A t  t h e  po in t  of maximum s i g n a l ,  t h e  s l a n t  
range w a s  .81 n. m i .  and t h e  approximate t i m e  t o  c l o s e s t  approach w a s  24 
seconds,  The a l t i t u d e  sepa ra t ion  a t  t h e  po in t  of c l o s e s t  approach w a s  
somewhat less than  250 f t .  
From examination of t h i s  s p e c i f i c  case, which can probably be considered 
t y p i c a l ,  w e  see aga in  t h a t  t h e  i n t e r f e r e n c e  l e v e l s  are not  severe and t h a t  
t h e  d i f f e r e n t i a t e d  s i g n a l  does g ive  a good i n d i c a t i o n  of a p o t e n t i a l l y  
28 
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hazardous s i t u a t i o n .  The f i r s t  two alarms rece ived  a t  t h e  receiver occurred 
during a tu rn ing  maneuver by t h e  t racked  a i r c r a f t  and hence 
r ep resen t  a hazardous s i t u a t i o n .  
encounter of t h e  type  t h a t  would be  considered p o t e n t i a l l y  hazardous. 
d id  not  
The las t  alarm, however, would c e r t a i n l y  b e  a n  
E. DISTRIBUTION OF POWER LEVELS FOR IDEALIZED SYSTEMS 
For system des ign ,  i t  i s  important t o  be a b l e  t o  estimate t h e  range 
of s i g n a l  l e v e l s  t o  be received from t h e  d e s i r e d  t a r g e t  as w e l l  as t h a t  
from o t h e r  t a r g e t s  which may cause i n t e r f e r e n c e .  
accomplished by d i r e c t  s imula t ion  of t h e  s p e c i f i c  LRC system us ing  t h e  
d a t a  base,  c e r t a i n  gene ra l  r e s u l t s  from the  s ta t i s t ica l  ana lyses  of 
r e fe rence  [ 2 ]  prove u s e f u l  f o r  e s t ima t ion  of dynamic ranges and i n t e r f e r e n c e  
levels f o r  o the r  systems under cons idera t ion .  
While t h i s  has  been 
A histogram of t h e  d i s t r i b u t i o n  of t h e  range t o  the  c l o s e s t  a i r c r a f t  
from hour 11 d a t a  i s  hown i n  Fig.  14. This histogram r e p r e s e n t s  a n  
approximation t o  t h e  p r o b a b i l i t y  d e n s i t y  func t ion  of t h e  p r o b a b i l i t y  of 
observing,  from a randomly s e l e c t e d  a i r c r a f t ,  another  a i r c r a f t  w i th in  a 
range increment AR. The histogram d a t a ,  when p l o t t e d  on lognormal 
p r o b a b i l i t y  paper,  i n d i c a t e s  t h a t  t h e  range d i s t r i b u t i o n  over t h e  reg ion  
0-10 n. m i .  can be  approximated by a lognormal d e n s i t y  func t ion  wi th  mean 
(p,) and va r i ance  (a 2 ) of :  1 
pl  = I n  4.0 
(5) 
2 
1 a = .25 
where t h e  b a s i c  u n i t s  are n a u t i c a l  m i l e s .  
A p l o t  of t h e  lognormal d i s t r i b u t i o n  corresponding t o  t h e s e  parameters 
















where f (R) i s  t h e  p r o b a b i l i t y  d e n s i t y  func t ion  of t h e  range t o  t h e  k t h  
c l o s e s t  a i r c ra f t  from a randomly s e l e c t e d  a i r c r a f t  under hour 11 condi t ions .  
k 
Simi la r ly ,  f o r  t h e  second c l o s e s t  a i r c r a f t  t o  a randomly s e l e c t e d  
a i r c r a f t ,  w e  have t h e  d i s t r i b u t i o n  shown i n  Fig.  15. 
s tandard  d e v i a t i o n  f o r  t h e s e  d a t a  are 
The mean and 
p 2  = I n  6.0 
2 
2 0 = .44 
2 and f2(R) :: h ( l n  6.0,  .44), where h ( p 9 a  ) des igna te s  t h e  lognormal d i s t r i b u -  
t i o n  wi th  mean p and va r i ance  u 2 
For t h e  t h i r d ,  f o u r t h ,  and f i f t h  c l o s e s t  a i r c r a f t ,  w e  have from t h e  
d a t a ,  
f3(R) A(ln 8.0,  .38) ,  (8) 
f4(R) h ( l n  9.6,  .25) ,  ( 9 )  
and f5(R) :: h ( l n  11.4, .22) .  (10) 
The f i t s  of t h e  lognormal func t ions  t o  t h e  d a t a  are shown i n  t h e  p l o t  
on lognormal paper ,  Fig.  16. A s  may be seen,  t h e  f i t s  are no t  p e r f e c t ,  
however, no o the r  a n a l y t i c a l  d i s t r i b u t i o n  w a s  found t h a t  provided a b e t t e r  
f i t . ,  The d i s t r i b u t i o n s  inves t iga t ed  included t h e  Rayleigh, R i c e ,  Poisson,  
and normal d i s t r i b u t i o n s .  
Some t h e o r e t i c a l  j u s t i f i c a t i o n  can be g iven  f o r  t h e  lognormal 
d i s t r i b u t i o n  i n  t h a t  i t  arises under condi t ions  when a change i n  a 
variate is  a random propor t ion  of t h e  previous v a l u e  of t h e  var ia te  [5].  
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Thus, i f  w e  assume t h a t  p i l o t s  f l y  such t h a t  t h e  relative c los ing  v e l o c i t y  
i s  p ropor t iona l  t o  t h e  r e l a t i v e  range, wi th  a random p r o p o r t i o n a l i t y  
cons tan t  E 
j ;  we have 
where t h e  j s u b s c r i p t  i n d i c a t e s  t h e  j t h  - t i m e  i n s t a n t  and A t  i s  t h e  t i m e  
increment. Rearranging Equation (11) and summing over j g ives  
AR n 
j =1 j j= l  
I f  each increment is s m a l l ,  and tak ing  A t  = 1 without  l o s s  of g e n e r a l i t y ,  
where R i s  t h e  i n i t i a l  range and R i s  t h e  range a t  j = n. Thus, 
0 n 
I n  Rn = I n  R + E~ + + .... E 
0 n 
By t h e  c e n t r a l  l i m i t  theorem, I n  Rn w i l l  be  asymptot ica l ly  normal ( s ince  
i t  i s  t h e  sum of a l a r g e  number of s m a l l  random e f f e c t s ) ,  hence R w i l l  
be  d i s t r i b u t e d  lognormally.  Note t h a t  t h e  same r e s u l t  i s  obtained i f  w e  
assume t h a t  t h e  change i n  re la t ive range is  randomly p ropor t iona l  t o  
t h e  e x i s t i n g  range. 
n 
The lognormal d i s t r i b u t i o n  has  t ransformat ion  p r o p e r t i e s  t h a t  are 
extremely use fu l .  
Aitchison and Brown [SI: 
These p r o p e r t i e s  are summarized i n  a theorem from 
2 a If X i s  A(p,a  ) and b and c are cons t an t s  ( c  = e ), 
2 2  then  c i s  A(a + bp, b c ) . ' I  X 
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Using t h i s  theorem, w e  can determine t h e  p r o b a b i l i t y  d e n s i t y  of t h e  
power rece ived  a t  a randomly s e l e c t e d  a i r c r a f t  i. 
rece ived  t o  t h e  re la t ive range,  w e  assume i s o t r o p i c  antennas f o r  both 
t r ansmi t t i ng  and r ece iv ing ,  and use  t h e  r ada r  range equat ions:  
To relate power 
2 
2 2  
b 6  P.X -6 R case: P = J= K~ /R 
j ( 4 ~ )  R Ls 
t 2  
-4 Pi 0. r 4  
j ( 4 ~ ) ~  R4Ls 
R case: P I= = K j  / R  
where P = power rece ived  a t  a i r c r a f t  i from a i r c r a f t  j 
j 
j 
= power t ransmi t ted  a t  a i r c r a f t  j t P 
X = t ransmi t ted  wavelength 
= system l o s s e s  
= r ada r  c ros s  s e c t i o n  of t a r g e t  j 
= power t ransmi t ted  a t  i 
LS 
pi 
-4 r , b  = s u p e r s c r i p t s  i n d i c a t i n g  R-6 and R cases. 
b 
k Thus, i f  f (P) denotes  t h e  p r o b a b i l i t y  d e n s i t y  func t ion  of t h e  power 
rece ived  a t  i from t h e  k t h  - c l o s e s t  a i r c r a f t  t o  a i r c r a f t  i, we  can w r i t e ,  
us ing  t h e  theorem above and t h e  prev ious ly  found d i s t r i b u t i o n s ;  
R-6 case: 
b 
f l (P)  = h ( l n  K; - 6 I n  4 . 0 ,  9) 
b b f2(P)  = h ( l n  K2 - 6 I n  6 . 0 ,  15.8) 
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(19) 
b f3(P)  = h ( l n  K: - 6 I n  8.0,  13.7) 
(20) 
b f4(P)  = h ( l n  Kk - 6 I n  9.6, 9) 
(21) 
b f5(P)  = A(ln Kk - 6 I n  11 .4 ,  7.9) 
-4 S i m i l a r  r e s u l t s  are e a s i l y  found f o r  t h e  R 
Care should be  taken i n  us ing  t h e s e  d e n s i t y  func t ions  s i n c e  t h e  
(two-way pa th)  case i f  des i r ed .  
b fk(P)  f o r  K > 1 are cond i t iona l  d e n s i t y  func t ions ,  with t h e  cond i t ion  being 
t h a t  t h e r e  are K-1 a i r c r a f t  c l o s e r  t o  a i r c r a f t  i. For i s o t r o p i c  antennas,  
and i f  a l l  \ are equal ,  t h i s  i s  equiva len t  t o  say ing  t h a t  K-1 a i r c r a f t  
provide a l a r g e r  power l e v e l  a t  a i r c r a f t  i. 
b 
A f u r t h e r  u s e f u l  proper ty  of t h e  lognormal d i s t r i b u t i o n  i s  t h a t :  
A(x) = N(ln x) 
where N i n d i c a t e s  a normal d i s t r i b u t i o n .  
prev ious ly  mentioned t ransformat ion  theorem, w e  can  w r i t e  
Using t h i s  proper ty  and t h e  
10 log  x = 4.34 I n  x 
t he re fo re ,  h(P4*34) = N(ln P4*34)  = N(10 log  P)  (23) 
Hence, t h e  power i n  db o r  dbm is normally d i s t r i b u t e d .  W e  apply t h e  
t ransformat ion  P 4 * 3 4  t o  t h e  fK(P)  func t ions  us ing  t h e  t ransformat ion  
theorem as fol lows:  
b 




k db f (P ) = N(4.34pk, 1 8 . 8 ~ ~  ) 
where P 
used,  t h e  power i n  db o r  dbm i s  st i l l  d i s t r i b u t e d  normally. 
= 10 log  P. Note t h a t  i f  t h e  R-4 (two way path)  range equat ion  i s  db 
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I n  o rde r  t o  i l l u s t r a t e  t h e  r e s u l t s ,  w e  assume a l l  are equal ,  and b < 
no te  t h a t  \ r e p r e s e n t s  t h e  power rece ived  a t  a i r c r a f t  i from another  
another  a i r c r a f t  a t  a range of one n a u t i c a l  m i l e .  
power i n  db o r  dbm depending on t h e  r e fe rence  power u n i t s .  
b des igna te  t h i s  power level as Sdb, t h e  express ions  f o r  t h e  d e n s i t y  
func t ions  become: 
10 log  < i s  t h i s  
I f  w e  
- R-6 
- 36.0, 169) b 1 (p db = N(Sdb 
f2(Pdb) b = N(Sdi - 46.8, 298) 
f4(Pdb) b = N(Sdb - 58.8, 169) 
(29) 
f b (P ) = N(Sdb - 68.7, 148) 
5 db 
The p r o b a b i l i t y  t h a t  t h e  power rece ived  from t h e  k t h  - c l o s e s t  a i r c r a f t  
w i l l  exceed a l e v e l  6 is  determined from 
k 
Prob. (Pdb > ,5) = 1 - fk(Pdb) dPdb. 
-m 
Curves i n d i c a t i n g  t h i s  p r o b a b i l i t y  f o r  K = 1, ..., 5 are shown i n  
Fig.  1 7 .  
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The d i s t r i b u t i o n s  f o r  t h e  R-4 case are, f o r  e q u a l  Kr 
1; 
R - ~  case 
r f;(Pdb) = N(Sdb - 31.2, 132.4) (32)  
(33) f3(Pdb) = N(Sdb r - 36.2, 114.4) 
r 
(35) fs(Pdb) N(Sdb - 45.8, 66.0) 
where Sr i s  t h e  r e f e r e n c e  power leve l  (i.e. power rece ived  from t a r g e t  a t  
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V. FLIGHT TEST EVALUATION OF RANGE MEASUREMENT ERROR 
A. GENERAL DESCRIPTION 
Two of t h e  warning systems cons t ruc ted  by LRC personnel  were i n s t a l l e d  
i n  a p a i r  of DC-4 a i r c r a f t  and sub jec t ed  t o  f l i g h t  tests. 
o b j e c t i v e s  of t h e  f l i g h t  test  series were t o  eva lua te  measurement e r r o r s ,  
t o  determine t h e  sources  and magnitudes of e r r o r s ,  and t o  determine t h e  
system performance under a c t u a l  f l i g h t  condi t ions .  
During t h e  f l i g h t  test ope ra t ions  a t  Wallops I s l a n d ,  V i rg in i a ,  t h e  
The major 
p o s i t i o n s  of t h e  two a i r c r a f t  w e r e  measured by t h e  Wallops FPQ-6 and ITS-16 
r ada r  systems. The r ada r  d a t a  obtained during t h e  f l i g h t  test w a s  then  
processed by Wallops personnel  t o  d e r i v e  re la t ive d a t a  between t h e  p a i r  
of a i r c r a f t .  This  d a t a  w a s  furn ished  t o  R T I  on d i g i t a l  magnetic t ape  t o  
provide an  inpu t  t o  t h e  f l i g h t  test s imula t ions  and t o  permit comparison 
of s imulated,  experimental ,  and geometr ical  measurements. 
The f l i g h t  pa ths  flown were a series of converging p a i r s  w i t h  v a r i o u s  
predetermined m i s s  d i s t a n c e s ,  both h o r i z o n t a l l y  and i n  a l t i t u d e .  I n  a l l  
cases, t h e  a i r c r a f t  were separa ted  i n  a l t i t u d e  t o  prevent  any danger t o  t h e  
a i r c r a f t .  Table 2 summarizes t h e  f l i g h t  t es t  des igna t ions ,  t h e  a l t i t u d e  
sepa ra t ion ,  t h e  attempted and a c t u a l  m i s s  d i s t a n c e s ,  and t h e  magnetic 
headings of t h e  a i r c r a f t s  as provided by t h e  p i l o t s .  
speeds w e r e  on t h e  order  of 140-160 knots  f o r  a l l  f l i g h t s ,  and i n  a l l  cases 
s t r a i g h t  l i n e  f l i g h t  pa ths  w e r e  at tempted by t h e  p i l o t s .  
The a i r c r a f t  a i r  
Two computer programs were developed t o  process  t h e  f l i g h t  test da ta .  
One program designated as G E O l  processed t h e  Wallops r ada r  d a t a  and generated 
t h e  a i r c r a f t  f l i g h t  pa ths  a long wi th  geometr ical  parameters and va lues  
of warning c r i te r ia  ca l cu la t ed  from t h e  geometry. 
t h e  modi f ica t ion  of t h e  s imula t ion  program as descr ibed  i n  Sec t ion  111. 
This  la t ter  program is d iscussed  i n  d e t a i l  i n  t h e  fol lowing sec t ion .  
The second program w a s  
B. FLIGHT TEST SIMULATIONS 
During f l i g h t  test  ope ra t ions ,  t h e  relative azimuth angle ,  r e l a t i v e  
e l eva t ion  ang le  and re la t ive range between t h e  two a i r c r a f t  are measured 
















































































































































































































































































































measurements are des igna ted  as geometr ica l  va lues .  Also, dur ing  f l i g h t  
test ope ra t ions  t h e  received s i g n a l  vo l t ages  are recorded t o  g i v e  t h e  
va lues  of parameters as measured wi th  t h e  warning system. 
made us ing  t h e s e  la t ter  measurements are des igna ted  as experimental  
values .  Parameter va lues  ca l cu la t ed  us ing  t h e  s imula t ion  program are 
designated as ca l cu la t ed  va lues .  
Ca lcu la t ions  
- 
Figure  18 shows an  example of t h e  computer p r i n t o u t s  obtained a t  
5 second i n t e r v a l s  throughout each of t h e  f l i g h t  test. 
the  p r i n t o u t  provides  t h e  f l i g h t  i d e n t i f i c a t i o n ,  t h e  elapsed t i m e  s i n c e  
t h e  start of t h e  f l i g h t ,  and t h e  t ime of day (gmt). The next  s e c t i o n  on 
t h e  p r i n t o u t  i n d i c a t e s  geometr ical  parameters ca l cu la t ed  d i r e c t l y  from t h e  
ground r a d a r  da t a .  These parameters include:  
The f i r s t  l i n e  on 
xyz coord ina tes  f o r  both a i r c r a f t  
t he  relative range between a i r c r a f t  
c lo s ing  v e l o c i t y  i n  knots  (Vc) 
t h e  rate of change of c los ing  v e l o c i t y  (Vcd) 
t h e  normalized range a c c e l e r a t i o n ,  R/R (vcn) 
t h e  normal v e l o c i t y  component (V ) 
t h e  t i m e  t o  c l o s e s t  approach (T) 
t h e  approximate t i m e  t o  c l o s e s t  approach (T) 
t h e  approximate m i s s  d i s t a n c e  (D) 
t h e  exac t  m i s s  d i s t a n c e  (Ro) 
geometr ical  va lue  of R T ( 8 )  
t h e  v a l u e  of modified t a u  ( T ~ )  




both a i r c r a f t  
The next  s e c t i o n  on t h e  p r i n t o u t  shee t  g ives  t h e  transponder ou tpu t s  f o r  
system 1 and system 2 .  
t he  system antennas are l i s t e d .  
0 db level (head-an condi t ions) .  
Following t h i s  l i s t  t h e  g a i n  v a r i a t i o n s  of each of 
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U n c
The r e c e i v e r  ou tpu t s  are l i s t e d  f o r  both systems. These ou tpu t s  
inc lude  s i g n a l  levels,  s i g n a l  t o  n o i s e  p lus  i n t e r f e r e n c e  r a t i o ,  AGC 
vo l t age ,  doppler frequency, and t h e  alarm s t a t u s  of t h e  r e c e i v e r .  
The next  l i s t i n g  on t h e  computer p r i n t o u t  l i s t  geometr ica l ,  experimental ,  
and c a l c u l a t e d  va lues  of va r ious  geometr ica l  parameters and warning 
c r i t e r i a .  
as vo l t ages  measured a t  t h e  va r ious  r e c e i v e r  ou tpu t s .  Also,  i n  t h i s  
s e c t i o n  t h e  percent  e r r o r s  are c a l c u l a t e d  f o r  t h e  d i f f e r e n c e  between 
experimental  and geometr ica l  va lues ,  ca l cu la t ed  and geometr ical  va lues ,  
and experimental  and ca l cu la t ed  va lues .  A d e s c r i p t i o n  of t h e  express ions  
used t o  c a l c u l a t e  t h e  va lues  i n  t h i s  s e c t i o n  is  given i n  Appendix D e 
The c a l c u l a t e d  va lues  are given i n  geometr ica l  u n i t s  and a l s o  
The last s e c t i o n  on t h e  computer p r i n t o u t  g ives  an e r r o r  breakdown 
f o r  3 parameters measured by t h e  r e c e i v e r ;  range,  t a u ,  and be ta .  The f i r s t  
column i n  t h i s  s e c t i o n  r e p e a t s  t h e  percent  e r r o r  between t h e  experimental  
and geometr ical  (ground r a d a r )  va lues  of t h e  parameter.  
i n d i c a t e s  t h e  e r r o r  due t o  amplitude v a r i a t i o n s  i n  t h e  receiver doppler  
f i l t e r .  The t h i r d  column g ives  t h e  percent  e r r o r  due t o  dev ia t ions  of t h e  
d e t e c t o r  c h a r a c t e r i s t i c s  from l i n e a r i t y .  The f o u r t h  column i n d i c a t e s  t h e  
e r r o r  and measurement due t o  ga in  v a r i a t i o n s  of t h e  e l e v a t i o n  p a t t e r n s  
( t r a n s m i t t e r ,  t ransponder ,  and r ece ive r ) .  The f i f t h  column i n d i c a t e s  t h e  
percent  e r r o r s  due t o  t h e  complete antenna p a t t e r n s ,  aga in  cons ider ing  a l l  
p a t t e r n s  i n  t h e  system. The s i x t h  column i s  a f i x e d  e r r o r  source due t o  
ga in  c a l i b r a t i o n  e r r o r s  i n  the  f l i g h t  test system. That i s ,  t h e  ca l cu la t ed  
o r  s imulated va lues  of range are based on exac t  ga in  c a l i b r a t i o n s  t h a t  
provide a -85 dbm s i g n a l  l e v e l  a t  a range of 5 m i l e s .  
i t  w a s  determined t h a t  t h e  o v e r a l l  ga in  of t h e  warning system w a s  down 
somewhat, and t h i s  e r r o r  source r e f l e c t s  t h e  va lue  of range and analogous 
t o  t h e  d e f i c i e n c y - i n  system ga in  of t h e  f l i g h t  systems. 
The second column 
During f l i g h t  test  
The last  two columns i n  t h e  e r r o r  breakdown s e c t i o n  i n d i c a t e  r e s i d u a l  
e r r o r s  between t h e  experimental  and geometr ica l  va lues  t h a t  are unaccounted 
f o r  by t h e  e r r o r  sources  prev ious ly  considered.  
column does not  t ake  i n t o  account v a r i a t i o n s  i n  t h e  azimuth p a t t e r n s  of 
t h e  antennas,  whi le  t h e  las t  r e s i d u a l  column i s  t h e  percent  e r r o r  remaining 
a f t e r  e f f e c t s  of t h e  doppler  f i l t e r ,  d e t e c t o r  s lope ,  and t h e  t o t a l  
antenna p a t t e r n s  are removed. 
The f i r s t  r e s i d u a l  
The percent  e r r o r  remaining i n  t h i s  l a s t  
45 
column, then ,  i s  due t o  system e r r o r s  no t  sub t r ac t ed  ou t  i n  t h e  ca lcu la-  
t i o n  (e.g. s a t u r a t i o n  of t h e  t ransponder)  and f a c t o r s  no t  considered i n  
t h e  s imula t ion  such as a i r c r a f t  d e v i a t i o n s  from s t r a i g h t  l i n e ,  level 
f l i g h t  e 
It should be noted t h a t  t h e  systems were c a l i b r a t e d  over a range from 
1 t o  5 n a u t i c a l  m i l e s ,  hence r e l a t i v e l y  l a r g e  e r r o r s  o u t s i d e  of t h i s  range 
were expected and are f e l t  t o  be unimportant i n  system eva lua t ion .  
C. FLIGHT TEST RESULTS 
Extensive ana lyses  of t h e  f l i g h t  test  d a t a  have been conducted by LRC 
personnel ,  us ing  t h e  r e s u l t s  of t h e  f l i g h t  test s imula t ion  program t o  
determine c o n t r i b u t i o n  t o  t h e  measurement e r r o r s  of va r ious  system components. 
Thus, i n  t h i s  s e c t i o n  t h e  major emphasis w i l l  be  on documentation of t h e  
f l i g h t  pa ths  and comparison of t h e  s imulated and experimental  r e l a t i v e  range 
da ta .  
measurement on t h e  doppler s i g n a l ,  e r r o r s  i n  measurement of t h i s  parameter 
were s m a l l .  
S ince t h e  re la t ive v e l o c i t y  between a i r c r a f t  i s  simply a frequency 
For each f l i g h t  test as l i s t e d  i n  Table 2, t h e  fol lowing p l o t s  have been 
made 
(1) t h e  f l i g h t  pa th  of t h e  a i r c r a f t s .  
(2)  t h e  geometr ica l ,  c a l c u l a t e d  and experimental  
(3 )  
range measurements v s .  f l i g h t  t i m e .  
t h e  percent  d i f f e r e n c e  between ca l cu la t ed  
and experimental  range measurements p l o t t e d  
vs .  t he  va lue  of geometr ica l  range. 
These curves i n d i c a t e  t h e  accuracy of t h e  s imula t ion  of t h e  a c t u a l  f l i g h t s .  
It should be  r e c a l l e d  t h a t  t h e  r e s i d u a l  d i f f e r e n c e s  between t h e  ca l cu la t ed  
and experimental ly  measured va lues  of range are most l i k e l y  due t o  v a r i a t i o n s  
of t h e  a i r c r a f t  from s t r a i g h t  l i n e  level  f l i g h t .  Computer p r i n t o u t s  l i s t i n g  
t h e  d a t a  a t  t h e  approximate time t h e  alarm was received i n  the  s imulated 
system are g iven  i n  Appendix F. 
46 
Inspec t ion  of t h e  p l o t s  i n d i c a t e s  t h a t  f o r  most f l i g h t s  t h e  d i f f e r e n c e  
between s imulated and experimental  va lues  of range was w i t h i n  15 percent  
over t h e  c a l i b r a t i o n  range  of t h e  equipment. An except ion  t o  t h i s  agree- 
ment w a s  found i n  f l i g h t  8C, where t h e  experimental  and c a l c u l a t e d  va lues  
d isagreed  by as much as 80 percent .  Although t h e  cause f o r  t h i s  
discrepancy has  not  y e t  been determined, i t  is  f e l t  t o  be due t o  a mis take  
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Figure 19-A. Ground tracks fo r  f l i g h t  test 7A. 
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Figure 19-B. Ground radar experimental, and calculated values of r e l a t i v e  
range vs. t i m e ,  test 7A. 
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Figure 19-C. Percent e r ro r  between calculated and experimental range measure- 
ments plotted v s  ground radar (geometrical) range, test  7A. 
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Figure 20-A. Ground tracks 
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Figure 20-B. Ground radar experimental, and calculated values of relative 
range vs. t i m e ,  test 7B. 
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Figure 20-C. Percent e r ro r  between calculated and experimental range measure- 
ments plot ted vs  ground radar (geometrical) range, test  7B- 
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Figure 21-A. Ground tracks f o r  f l i g h t  test 7C. 
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Figure 21-B. Ground radar,  experimental, and calculated values of r e l a t i v e  
range vs. t i m e ,  test 7C. 
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Figure 214. Percent e r ro r  between calculated and experimental range measure- 
ments plotted vs  ground radar (geometrical) range, test 7C. 
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Figure 22-A. Ground t racks for  f l i g h t  test  7D. 
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Figure 22-B. Ground radar , experimental, and calculated values of re la t ive  
range vs. t i m e ,  test 7D. 
Figure 2 2 4 ,  Percent e r ror  between calculated and experimental range measure- 
ments plot ted vs ground radar (geometrical) range, test 7D. 
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Figure 23-A. Ground t racks f o r  f l i g h t  test 8B.  
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Figure 23-B. Ground radar ,  experimental, and calculated values of relative 
range vs. t i m e ,  test 8B.  
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Figure 23-C. Percent e r ror  between calculated and experimental range measure- 
ments plot ted vs ground radar (geometrical) range, test  8B.  
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Figure 24-A.  Ground t racks for  f l i g h t  test 8C. 
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Figure 24-B. Ground radar experimental, and calculated values of relative 
range vs, time, test 8C.  
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Figure 24-C. Percent e r ror  between calculated and experimental range measure- 
ments plot ted vs ground radar (geometrical) range, test  8C. 
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Figure 25-A. Ground t racks f o r  f l i g h t  test 9B. 
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Figure 25-B. Ground radar,  experimental, and calculated values of r e l a t ive  
range vs. t i m e ,  test 9B. 
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Figure 25-C. Percent e r ror  between calculated and experimental range measure- 




Figure 26-A. Ground tracks €or f l i g h t  tes t  9C. 
A GROUND W A R  
0 CALCULATW 
B EXPERIMENTAL 
20 40 60 80 100 120 140 160 
ELAPSED T I M E  (SEC.) 
Figure 26-B. Ground radar experimentdl, and calculated values of re la t ive  
range vs. t i m e ,  tes t  9C. 
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Figure 26-C Percent e r ror  between calculated and experimental range measure- 





Figure 27-A. Ground t racks f o r  f l i g h t  test  9D. 
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Ground radar experimental, and calculated values of relative 
range vs. time, test 9D. 
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Figure 27-C, Percent e r ror  between calculated and experimental range measure- 
ments plot ted vs. ground radar (geometrical) range, test 9D. 
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Figure 28-A. Ground tracks f o r  f l i g h t  test 9E. 
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Figure 28-B. Ground radar experimental, and calculated values of r e l a t i v e  
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Figure 2 8 4 .  Percent e r ro r  between calculated and experimental range measure- 
ments plotted vs. ground radar (geometrical range, test 9E. 
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Figure 29-A. Ground tracks for  f l i g h t  test 10A. 
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Figure 29-B. Ground radar,  experimental, and calculated values of r e l a t i v e  
range vs.  time, test 1 0 A .  
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Figure 29-C. Percent e r ror  between calculated and experimental range measure- 
ments plotted vs. ground radar (geometrical) range, test 10A.  
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Figure 30-A. Ground tracks fo r  f l i g h t  test 10B. 
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Figure 30-B. Ground radar,  experimental, and calculated values of r e l a t i v e  
range vs.  t i m e ,  test LOB. 
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Figure 30-C. Percent e r ro r  between calculated and experimental range measure- 
ments plotted vs. ground radar (geometrical) range, test 10B. 
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Figure 31-A. Ground t racks for  f l i g h t  test 1 O C .  
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Figure 31-B. Ground radar,  experimental, and calculated values of r e l a t i v e  
range vs ,  t i m e ,  test  1OC.  
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Figure 31-C.  Percent e r ror  between calculated and expe.rimenta1 range measure- 
ments plot ted vs. ground radar (geometrical) range, test l Q C ,  
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Figure 32-A. Ground tracks f o r  f l i g h t  test 10D. 
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Figure 32-B. Ground radar ,  experimental, and calculated values of r e l a t i v e  
range vs.  t i m e ,  test 10D. 
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Figure 32-C. Percent e r ro r  between calculated and experimental range measure- 
ments plot ted vs. ground radar (geometrical) range, test 10D. 
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Ground radar,  experimental, and calculated values of r e l a t ive  
range vs ,  time, test 10E. 
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Figure 33-C, Percent e r ror  between calculated and experimental range measure- 
ments plot ted vs. ground radar (geometrical) range, test 10E, . 
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V I .  MISCELLANEOUS STUDIES 
A. GENERAL 
During t h e  course  of t h e  c o n t r a c t ,  s e v e r a l  s t u d i e s  were undertaken 
t h a t  have gene ra l  a p p l i c a b i l i t y  t o  t h e  col l is ion-warning problem. 
s t u d i e s  inc lude :  (1) common d e f i n i t i o n s  of warning t i m e s  f o r  v a r i o u s  
system warning cr i ter ia ,  (2)  t h e  p o s s i b i l i t y  of alarm suppression due t o  
re la t ive range a c c e l e r a t i o n  threshold  l o g i c ,  (3)  comparison of warning 
t i m e s  of va r ious  systems wi th  equal  alarm p r o b a b i l i t y ,  and ( 4 )  warning 
times requi red  f o r  escape maneuvers. 
These 
Other s t u d i e s  were concerned wi th  ex tens ion  of t h e  "modified tau" 
warning cr i ter ia  developed by Co l l in s  personnel ,  Reference [ 4 ] .  The 
ex tens ions  involved cons ide ra t ion  of re la t ive a i r c r a f t  a c c e l e r a t i o n s  as a 
random v a r i a b l e  and t h e  in t roduc t ion  of a d d i t i o n a l  c o n s t r a i n t s  on a i r c r a f t  
a c c e l e r a t i o n  vec to r s .  Also, gene ra l  r e s u l t s  were der ived  f o r  de te rmina t ion  
of t he  DC output  of a product de t ec to r - l imi t e r  c i r c u i t  wi th  m u l t i p l e  
input  s i g n a l s .  Resu l t s  of t h e s e  l a t te r  s t u d i e s  are given i n  Appendices A 
and B r e s p e c t i v e l y ,  whi le  t h e  gene ra l  s t u d i e s  on system warning t i m e s  are 
presented i n  t h e  fol lowing.  
B, DEFINITION OF WARNING TIMES 
Since some system warning cri teria and warning t i m e s  are der ived  
based on t h e  assumption of nonacce lera t ing  f l i g h t ,  whi le  o t h e r s  are based 
on a c c e l e r a t i n g  f l i g h t  w i th  a c c e l e r a t i o n  c o n s t r a i n t s ,  i t  can be  misleading 
t o  speak of a warning t i m e  a t t a i n e d  without  f u r t h e r  e l abora t ion  as t o  
t h e  assumptions used. 
To provide a common b a s i s  f o r  comparison of t h e  p r o t e c t i o n  a f forded  
by t h e  va r ious  systems, w e  d e f i n e  warning times as fol lows:  
= minimum warning t i m e  f o r  a nonacce le ra t ing  tn 
co -a l t i t ude  c o l l i s i o n  wi th  a maximum 
relat ive v e l o c i t y  of V . ( i . e .  t h i s  i s  t h e  
t ime-to-col l is ion assuming a ro l l -ou t  t o  
l i n e a r  f l i g h t  a t  t h e  i n s t a n t  t h e  alarm i s  
r ece ivedg  and a subsequent c o l l i s i o n )  
m 
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= minimum warning t i m e  achieved f o r  a co -a l t i t ude  
t h r e a t  under t h e  worse p o s s i b l e  cond i t ions  
w i t h i n  t h e  assumed v e l o c i t y  (V ) and accelera- 
t i o n  (U) c o n s t r a i n t s .  ( i . e .  t h i s  i s  t h e  t i m e -  
t o - c o l l i s i o n  assuming f l i g h t  pa ths  subsequent 
t o  t h e  alarm a t  t h e  maximum relative accelera- 
t i o n  and/or t h e  maximum relat ive v e l o c i t y  u n t i l  
c o l l i s i o n  occurs)  
tmh 
m 
v = warning t i m e  f o r  a nonacce lera t ing  c o l l i s i o n  mv 
occurr ing  i n  t h e  v e r t i c a l  p lane  wi th  a maximum 
r e l a t i v e  rate of descent  o r  a scen t  of h m 
I n  Sec t ion  VI-C, i n h i b i t i o n  of t h e  alarm by range a c c e l e r a t i o n  
d i sc r imina t ion  is considered.  This  i n h i b i t i o n  w i l l  be  shown t o  occur 
f o r  sets (S ) of p a r t i c u l a r  t r a j e c t o r i e s ,  hence t o  d i s t i n g u i s h  warning 
t i m e s  f o r  t h e s e  cases, w e  de f ine ,  f o r  systems us ing  2 measurements f o r  
d i sc r imina t ion :  
1 
= same as previous d e f i n i t i o n s ,  except  t r a j e c t o r i e s  tn’ tmh 
d d  
tn  ’tmh 
1 are assumed no t  i n  S 
= same d e f i n i t i o n s  as t n’ tmhy except  t h a t  t h e  t i m e s  
are ca l cu la t ed  us ing  t h e  worst-case member of  t h e  
set of t r a j e c t o r i e s  S ( i . e .  f o r  t h e  t r a j e c t o r y  
t h a t  provides  t h e  smallest warning t i m e . )  
1’ 
and t are e a s i l y  der ived .  L e t  n’ tmh9 V Uxpressions f o r  t h e  t i m e s  t 
R( t  ) and i ( t  ) be t h e  re la t ive range and c los ing  v e l o c i t y  a t  which a 
given system g ives  an  alarm. The time t i s  then  
0 0 
n 
t = min over C n 
where C i s  t h e  contour  i n  t h e  R, p lane  def ined  by t h e  system warning 
cri teria 
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The minimum warning t i m e  f o r  a system t h a t  provides  a n  alarm a t  
range R ( t  ) and c l o s i n g  v e l o c i t y  B( t  ), assuming subsequent r e l a t i v e  
a c c e l e r a t i o n s  no g r e a t e r  than  U i s  der ived  i n  [ 4 ]  ( i . e .  t h e  modified 
t au  express ion)  
0 0 
-R( to )  + [ i2 ( t , )  + 2UR(to)l 112 
U t =  1 
where t des igna te s  t h i s  warning t i m e .  For t h e  c a s e  where t h e  t r a j e c t o r y  
providing the  alarm t i m e  t 
have f o r  t h e  t i m e  t 
1 
does not  exceed t h e  v e l o c i t y  c o n s t r a i n t ,  w e  1 
m’  
e 
= min { t l [R( to) ,  R( to ) ]  over C ‘m 
(37)  
where C i s  aga in  t h e  contour i n  t h e  R,  k plane  def ined  by t h e  system warning 
cr i ter ia .  I f  t h e  t r a j e c t o r y  exceeds t h e  v e l o c i t y  c o n s t r a i n t ,  (i .e. i f  
i(to) - UT1 > V ) graph ica l  o r  approximation techniques can be used t o  
determine t 
given i n  Appendix C.  
m 
a s s i s t e d  by t h e  phase plane p l o t  of t r a j e c t o r y  s l o p e  i s o c l i n e s  m y  
For those  systems us ing  a l t i t u d e  d i sc r imina t ion  of t h e  form IAA) < A+ 
t h e  minimum warning time f o r  c l o s i n g  pa ths  i n  t h e  v e r t i c a l  plane,  assuming 
no a c c e l e r a t i o n  i n  t h i s  p lane ,  i s  
Thus, by assuming a maximum c los ing  v e l o c i t y  V a maximum ra t e  of m’ 
a scen t  (or  descent )  of Am, and a m a x i m u m  r e l a t i v e  a c c e l e r a t i o n  U, t h e  
def ined warning times achieved by t h e  va r ious  systems may be determined 
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2 For t h e  R r and t a u  systems, t h e  minimum warning t i m e  approaches 
zero as t h e  re la t ive c los ing  v e l o c i t y  approaches zero.  However, a 
supplementary (over-r iding)  range threshold  can be  used t o  prevent  t h i s  
s i t u a t i o n .  Hence, i n  t h e  work t h a t  fo l lows ,  w e  w i l l  consider  t h e s e  
systems wi th  a supplementary range threshold  of magnitude . Rk 
I n  Table 3 , express ions  are given f o r  t h e  def ined  warning t i m e s  f o r  
the  va r ious  systems t h a t  have been considered,  i n  t e r m s  of t h e  warning 
th re sho lds  and t h e  assumed c o n s t r a i n t s  V h and U. The e f f e c t  of range 
a c c e l e r a t i o n  d i sc r imina t ion  on the  def ined  warning t i m e s  i s  considered 
i n  t h e  fol lowing s e c t i o n .  
m'  m 
C. ALARM SUPPRESSION DUE TO RELATIVE RANGE 
ACCELERATION THRESHOLDS 
For systems us ing  d i sc r imina t ion  based on measurements (e.g.  
approximate m i s s  d i s t a n c e  th re sho lds  assuming nonacce lera t ing  f l i g h t ) ,  
t h e  measurements w i l l ,  of course ,  be erroneous i f  a c c e l e r a t i n g  f l i g h t  
occurs.  
t h a t  a c c e l e r a t i o n s  due t o  maneuvers w i l l  e f f e c t  t h e  measurement i n  t h e  
worse p o s s i b l e  way. 
va r ious  systems i n  t h e  fol lowing.  
Under a c c e l e r a t i n g  cond i t ions ,  w e  must cons ider  t h e  p o s s i b i l i t y  
These worse case  condi t ions  are considered f o r  
Tau, Range, Normal Veloc i ty  System. I n  t h i s  system, normal v e l o c i t y  
i s  est imated i n  accordance wi th  [ 2 ]  
'n = =  
which w a s  der ived  based on nonacce lera t ing  
c r i t e r i a  are 
( 4 0 )  
f l i g h t  pa ths .  The system warning 
R / i  < rk and < 'nk 
where t h e  k s u b s c r i p t s  i n d i c a t e  s e l e c t e d  threshold  cons tan ts .  
67 
.. 
For c los ing ,  nonacce lera t ing  f l i g h t ,  R i s  p o s i t i v e .  For c l o s i n g  
a c c e l e r a t i n g  f l i g h t  however, K' can be  e i t h e r  p o s i t i v e  o r  nega t ive .  
I f  t h e  magnitude of k' is  sensed,  such t h a t  t h e  threshold  cond i t ion  
i s  
Vnk and R / k  < T~ 
and i f  r e l a t i v e  a c c e l e r a t i o n s  no g r e a t e r  than  U are allowed, t h e  pos- .. 
s i b i l i t y  e x i s t s  t h a t  measurements of IBI w i l l  equa l  U.  
case, an  alarm w i l l  be  suppressed so  long as 
I f  t h i s  i s  t h e  
JRU Vnk 
o r  u n t i l  a range less than  
2 
'nk R = -  1 u  
i s  reached. I f  t h i s  range is  g r e a t e r  than the  supplementary range 
threshold  %, and i f  t h e  worse case t r a j e c t o r y  (wi th in  t h e  c o n s t r a i n t s )  
is  assumed, t h e  alarm would occur a t  t h e  maximum c los ing  v e l o c i t y  V . 
The warning time a t  t h i s  alarm po in t  i s  determined by d i v i s i o n  of R 
m 
1 
by vm, o r ,  
L L 
'nk 
' Rk* i f  - 
d d 'nk = -  - 
tmh - tn  U V ' U m 
( 4 3 )  
(44)  
( 4 5 )  
d 
mh n where td and t were def ined  i n  Sec t ion  V1.B.  The s i t u a t i o n  i s  shown 
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Figure  34 . Phase p lane  ske tch  f o r  t h e  tau-range-normal 
v e l o c i t y  system i n d i c a t i n g  p o s s i b l e  alarm 
suppress ion  due t o  t h e  < Vnk th reshold  
e .  I 1 
( i . e .  t h e  magnitude of R i s  used) .  See t e x t  
f o r  d e f i n i t i o n  of t h e  nomenclature and 
assumed c o n s t r a i n t s .  
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A s  a n  example of t h e  numerical  v a l u e  of warning t i m e  suppress ion ,  
w e  have f o r  V = 120 KTS, U = 1 / 2  g ,  and Vm = 400 KTS, nk 
R1 = -42 n. m i .  
Hence, u n l e s s  t h e  supplementary range threshold  (%) were g r e a t e r  than  
t h i s  va lue ,  w e  could c o l l i d e  3 . 8  seconds a f t e r  t h e  alarm. 
e. 
I f  t h e  s i g n  of R is  sensed,  such t h a t  t h e  threshold  cond i t ion  is  
R/R < -rk and 6 < vnk i f  R > o 
(c los ing  v e l o c i t y  decreas ing)  
0 .  ~ / i  < -rk i f  R < o (c los ing  v e l o c i t y  inc reas ing )  
t h e  s i t u a t i o n  i s  no t  q u i t e  s o  severe, a l though t h e  alarm can s t i l l  be  
d r a s t i c a l l y  suppressed. 
relative t r a j e c t o r y  is such t h a t  
W e  could s t i l l  suppress  t h e  alarm so long as t h e  
I n  t h e  worse case, t h e  pa th  is  such t h a t  t h e  e q u a l i t y  holds ,  and such t h a t  
t h e  t r a j e c t o r y  passes  through a p o i n t  i n  t h e  R ,  R p lane ;  (-rkVm, V,). 
Since w e  a l low a c c e l e r a t i o n  magnitudes no g r e a t e r  than  U, t h e  pa th  can 
suddenly change t o  one wi th  a c c e l e r a t i o n  of -U, and a c o l l i s i o n  can occur.  
The alarm w i l l  be  g iven  a t  t h e  p o i n t  of d e v i a t i o n  from t h e  path.  
are l e d  t o  determine t h e  p o i n t  t h a t  provides  t h e  minimum warning t i m e .  
Thus we  
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For a pa th  def ined  by 
2 
R = -  'nk 
R 
and pass ing  through t h e  po in t  ( T  V 
de f in ing  t h e  t r a j e c t o r y  can be  found by d iv id ing  Equation by 
and i n t e g r a t i n g ,  
V ), t h e  p o i n t s  i n  t h e  R,  'i plane  k m ' m  
.. 2 
R 'nk d i  
R R dR 
- -  = -  - -  
i 
Separa t ion  of v a r i a b l e s  and i n t e g r a t i o n  g ives  
2 R ' 2  
Ri 
i2 = 2Vnk I n  - + Ri, 
where R R .  are t h e  i n i t i a l  va lues  of range and c los ing  v e l o c i t y .  i' 1 
The po in t  of maximum hazard is  given approximately by t h e  p o i n t  of 
minimum t i m e  t o  c l o s e s t  approach, o r  
min {TI where T = R/R 
(For a c c e l e r a t i n g  f l i g h t ,  we should a c t u a l l y  minimize t 
Equation 37  , however, t h i s  minimizat ion is  more complex and g raph ica l  
cons idera t ions  i n d i c a t e  t h a t  t h e  approximation of Equation 52 does no t  
lead  t o  s i g n i f i c a n t  e r r o r  i n  f ind ing  t h e  po in t  of maximum hazard) .  
po in t  on t h e  pa th  f o r  maximum hazard i s  thus  found as 
as given by 1 
The 
" 2  
Ri 
'nk 
1 - -  2 
1 R1 = Ri Exp 5 
( 4 9 )  
R = V  1 nk 
I 
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where t h e  i n i t i a l  condi t ions  are Ri = T ~ V ~  and Ri = Vm, f o r  t h e  worse-case 
t r a j  ec to ry .  
A t  t h e  po in t  (R R ) , t h e  minimum t i m e  t o  c o l l i s i o n  is  found from 1’ 1 
Equation 37 as 
-R1 f [R1 - 2  + 2UR1] 1 / 2  
d -   
tmh U 
( 5 4 )  
which assumes a n  immediate t r a j e c t o r y  change t o  inc reas ing  c los ing  v e l o c i t y .  
The s i t u a t i o n  is  shown on t h e  phase p lane  ske tch  of F igure  35 For t h e  
t i m e  t w e  have d n q  
tz = Rl / i l .  (55) 
I f  R is  less than  t h e  supplementary range threshold  R then  t h e  
1 k’ 
alarm would be g iven  a t  the  po in t  
e 
Hence, i f  R < Rkg w e  u s e  (%, R’) i n  Equations 54 and 55 t o  1 1 
determine t h e  minimum t i m e s  remaining u n t i l  c o l l i s i o n .  
A complicat ion may arise i n  t h a t  t h e  minimum time t r a j e c t o r y  used i n  
c a l c u l a t i n g  t h e  time given  by Equation 54 
v e l o c i t i e s  exceeding t h e  assumed maximum (V ). For v e l o c i t i e s  on t h e  
order  of 2 m i l e s ,  however, t h e  a c t u a l  t i m e  d i f f e r e n c e  i n  suing Equation 
ve r sus  t h e  t i m e  f o r  a nonacce lera t ing  pa th  (R / i  ) is  s m a l l  (e.g. 
may r e s u l t  i n  c los ing  
m 
1 1  
2.5 sec. f o r  U = 1 / 2  g). 
72 







0 1 2 3 4 5 
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Figure 35. Phase plane plot for the 'tau-range-normal velocity system 
indicating possible alarm suppression due to a 
&-f! < Vnk threshold when only positive 'R' is used 
(decreasing closing velocity). For the sketch, T = 30 
secs and V = 240 kts. k 
nk 
7 3  
2 
condi t ions  are 
R T~ Range, Normal Veloc i ty  System. I n  t h i s  system, t h e  threshold  
(57) 
. .  
and w e  w i l l  assume t h a t  on ly  p o s i t i v e  va lues  of R are used. 
w i l l  be suppressed f o r  t r a j e c t o r i e s  such t h a t  
The alarm 
Values of range and c los ing  v e l o c i t y  f o r  t h e  pa th  such t h a t  t h e  e q u a l i t y  
holds  are found by i n t e g r a t i o n  as, 
where Ri and R .  are t h e  i n i t i a l  p o i n t s .  
1 
I n  t h i s  case, t h e  hazard inc reases  con t inua l ly  f o r  t h e  worse case  
t r a j e c t o r y ,  and t h e  alarm w i l l  be  g iven  when t h e  supplementary range 
threshold  is  reached,  o r  a t ,  
R = \  1 
113 The i n i t i a l  cond i t ions  f o r  t h e  worse-case t r a j e c t o r y  are ( (8  V ) k m  
as shown i n  t h e  ske tch  of Figure 36 . 
, Vm) 



















RANGE, NAUT. M I .  
2 Figure 36. Phase plane plot for the R T-range-normal 
velocity system indicating possible alarm 
suppression due to a x / k  < yk threshold. 
For the sketch, yk = .004 sec-l, and 
R2, = 1000 nm2-sec ere used. 
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Modified Tau, Normal Veloc i ty  System. For t h i s  system, l e t  u s  
assume t h a t  normal v e l o c i t y  measurements are made by 
vn = R > O  
vn = 0 
ins t ead  of t h e  r e l a t i o n s h i p  v a l i d  f o r  a c c e l e r a t i n g  pa ths ,  
where V i s  t h e  re la t ive  v e l o c i t y .  
I f  measurements are made i n  accordance wi th  Equation 61 , t h e  
alarm could be suppressed j u s t  as descr ibed  f o r  t h e  tau-range-normal 
v e l o c i t y  system. Thus, equat ions der ived  f o r  t h i s  system (i.e. Equations 
54 55, and 56 can be used t o  determine t h e  minimum alarm t i m e  under 
worse case condi t ions .  
The i n i t i a l  condi t ions  f o r  t h e  worse case t r a j e c t o r y  are 
2 
R . = V  T +- 
1 m mk 2 
UTmk 
6 .  = v 
1 m 
where t h e  nomenclature has  been previous ly  descr ibed .  
D. WARNING TIMES OF VARIOUS SYSTEMS WITH 
EQUAL ALARM PROBABILITY 
I n  r e f .  [ 2 ] ,  several systems t h a t  have been d iscussed  i n  t h e  l i t e r a t u r e  
were compared t o  determine alarm s ta t i s t ics  t h a t  can be expected f o r  
approximately equal  l e v e l s  of p r o t e c t i o n  ( i . e .  coverage i n  the  R ,  h plane) .  
We found unreasonably h igh  alarm p r o b a b i l i t i e s  i n  some cases. I n  t h i s  
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s e c t i o n ,  t h e  type and range of measurements r equ i r ed  and leve l  of p r o t e c t i o n  
achieved are determined under c o n s t r a i n t s  on t h e  alarm statist ics.  I n  
p a r t i c u l a r ,  t h e  i d e a l i z e d  systems s imulated are compared us ing  t h e  
s ta t i s t ica l  r e s u l t s  i n  r e f .  [ 2 ]  t o  determine warning t i m e s  a f forded  f o r  a 
given f r a c t i o n  of f l y i n g  t i m e  i n  an alarm s t a t u s .  For t h e  comparison, 
t h e  r e s u l t s  obtained from t h e  most congested hour of d a t a  (hour 11) are used. 
For c a l c u l a t i o n  of warning times, w e  use  t h e  r e s u l t s  of Sec t ion  VI-B. 
Table 4 i n d i c a t e s  t h e  measurements r equ i r ed ,  d e t e c t i o n  ranges ,  and 
warning t i m e s  achieved f o r  va r ious  i d e a l  systems t h a t  were i n  a n  alarm 
s t a t u s  1% of the  t i m e .  The app l i cab le  threshold  va lues  were taken from 
Figures  3 through 11 i n  r e f .  [ 2 ] .  The maximum d e t e c t i o n  ranges are based 
on a 400 KT c los ing  v e l o c i t y ,  as i s  t h e  warning t i m e  ( t  ) as d iscussed  i n  
d t h e  preceding s e c t i o n .  The smallest of t h e  warning t i m e s  t t and tmh 
i n d i c a t e s  t h e  minimum warning assured  f o r  c los ing  v e l o c i t i e s  from 0 t o  
400 KTS, f o r  r e l a t i v e  a i r c r a f t  a c c e l e r a t i o n s  not  exceeding 1 / 2  g ,  and f o r  
v e r t i c a l  rates of descent  o r  a scen t  of 25 f p s .  
n 
mh’ v’ 
2 The zero minimum warning times i n  t h e  T and R T systems have been 
e l imina ted  i n  Table 4 
T o r  R T cri teria.  
by us ing  a range threshold  i n  conjunct ion wi th  t h e  
The supplementary range cr i ter ia  w a s  no t  i nves t iga t ed  2 
2 d i r e c t l y  (i.e. s imulated with T and B T systems us ing  t h e  d a t a  base ) ,  
however, w e  see from Fig.  3 t h a t  a 1 nm range threshold  w i l l  no t  s i g n i f i c a n t l y  
inc rease  t h e  percent  of t i m e  i n  an  alarm s t a t u s  f o r  those  cri teria without  
a l t i t u d e  d i sc r imina t ion .  
f t ,  a range threshold  of 1.5 nm does not  s i g n i f i c a n t l y  inc rease  t h e  alarm 
p r o b a b i l i t y .  Hence, i n  Table 4 we have ca l cu la t ed  a minimum warning t i m e  
f o r  t h e  T and R T cr i te r ia  us ing  a range threshold  of 1 nm o r  1 .5  nm as 
app l i cab le .  The warning t i m e  c a l c u l a t i o n s  are made us ing  t h e  expressions 
l i s t e d  i n  Table 3 and r e l a t i o n s h i p s  i n  Sec t ion  VI -C  as app l i cab le  f o r  t h e  
cases  where a d i sc r imina t ion  i s  used. 
For systems us ing  a l t i t u d e  d i sc r imina t ion  of k 500 
2 
E. WARNING TIMES REQUIRED FOR ESCAPE MANEUVERS 
A r e c e n t - a n a l y s i s  of warning t imes ( i n  t h e  h o r i z o n t a l  p lane)  requi red  
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reasonable  s ta t i s t ica l  d i s t r i b u t i o n s  were assumed f o r  altimeter e r r o r s ,  
p i l o t  r e a c t i o n  t i m e ,  d a t a  processing t i m e ,  and a i r c r a f t  se rvo  system 
de lays ,  
s t a t i s t i c a l  d i s t r i b u t i o n  of t h e  t i m e  r equ i r ed  f o r  execut ion of a n  a l t i t u d e  
s e p a r a t i o n  maneuver t o  a s s u r e  a 150 f t  a l t i t u d e  sepa ra t ion .  
A computer s imula t ion  approach w a s  then  used t o  determine t h e  
To execute  t h e  a l t i t u d e  evasive maneuver, where t h e  p i l o t  has  been 
previous ly  a l e r t e d  and i s  i n  s t r a i g h t  l i n e ,  level f l i g h t ,  a warning t i m e  
of 25 seconds i s  recommended as a r e s u l t  of t h e  above s tudy.  
For a ro l l -ou t  alarm ( i . e .  i f  i n  a t u r n ,  s t o p  turn ing)  a warning 
t i m e  of 30 seconds is  recommended. 
For a p i l o t  a l e r t ,  a warning t i m e  of 41 seconds i s  recommended. 
This  a l lows  an average p i l o t  r e a c t i o n  t i m e  of 2.5 seconds and then  10  
seconds t o  level-off  p r i o r  t o  execut ion  of a p o s s i b l e  evas ive  maneuver. 
(Al l  t i m e s  assume only one a i r c r a f t  maneuvers). 
I n  t h e  v e r t i c a l  plane,  it is  es t imated  by Perkinson [ 71, t h a t  f o r  
most a i r c r a f t ,  a l t i t u d e  rate can be reduced t o  zero  wi th in  15 seconds 
a f t e r  warning. Hence, i f  descending o r  ascending a i r c r a f t  level  o f f  a f t e r  
warning, a 21 second warning of  an  a i r c r a f t  above o r  below would a s s u r e  
s a f e  c l ea rance  of 150 f t  f o r  a maximum rate of descent  (or  a scen t )  of 
25 f p s ,  assuming no ver t ica l  a c c e l e r a t i o n s .  
For a p i l o t  warning i n d i c a t o r  t h a t  depends upon v i s u a l  a c q u i s i t i o n  
t o  eva lua te  t h e  t h r e a t  and t o  determine t h e  r equ i r ed  maneuver, f u r t h e r  
s tudy is  necessary t o  eva lua te  t h e  t i m e  requi red  t o  v i s u a l l y  acqu i r e  t h e  
t a r g e t  and eva lua te  t h e  t h r e a t .  This  i s  p resen t ly  under s tudy by t h e  FAA ,. 
Comparison of t h e  minimum assured  warning t i m e  f o r  systems t h a t  were 
found t o  be i n  an  alarm s t a t u s  1% of t h e  t i m e  (Table 4 ) with  t h e  d e s i r e d  
p i l o t  a ler t  t i m e  on t h e  order  of 40 seconds i n d i c a t e s  t h a t  none of t h e  
systems provide t h i s  minimum warning t i m e .  
p r o b a b i l i t y  is q u i t e  a r b i t r a r y ,  i t  is  f e l t  t o  be a reasonable  upper bound, 
Although t h e  1% alarm 
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I f  we assume an  average alarm d u r a t i o n  of 10 seconds,  Equation 
i n d i c a t e s  t h a t  t h e  p r o b a b i l i t y  of an  alarm dur ing  a t h i r t e e n  minute 
f l i g h t  i s  : .5 under hour 11 cond i t ions .  Hence, w e  are r e l u c t a n t  
t o  relax t h i s  c o n s t r a i n t .  
The systems ope ra t ing  on range a lone  and range-range rate measure- 
ments on ly  should b e  e l imina ted  from f u r t h e r  cons ide ra t ion  as no t  f e a s i b l e .  
The d a t a  c l e a r l y  i n d i c a t e  t h a t  added d i sc r imina t ion  i n  a l t i t u d e  and 
poss ib ly  i n  ( t r u e )  normal v e l o c i t y  i s  d e s i r a b l e  i f  t h e  requi red  warning 
t i m e s  are t o  be achieved without  excess ive  alarms under normal 
ope ra t iona l  condi t ions .  
Discr imina t ion  based on range a c c l e r a t i o n  measurements i s  e f f e c t i v e  
i n  inc reas ing  t h e  maximum warning time f o r  f i x e d  levels of alarm 
p r o b a b i l i t y .  Unfortunately,  as ind ica t ed  i n  Table 4 and Sec t ion  VI-C,  
d i sc r imina t ion  based on k' measurements has  a n  adverse  e f f e c t  on t h e  
minimum warning t i m e s  achieved under c e r t a i n  worse-case t r a j e c t o r i e s ,  
when a c c e l e r a t i n g  f l i g h t  is considered. 
when measuring R/R i n  t h e  R -c-range system. 
appear d e s i r a b l e  f o r  u s e  i n  alarm l o g i c ,  a l though t h i s  measurement may 
prove u s e f u l  f o r  i n d i c a t i o n s  of t h e  e f f e c t i v e n e s s  of avoidance maneuvers 
a f t e r  an alarm i s  rece ived .  
The e f f e c t  i s  p a r t i c u l a r l y  bad 
2 .. . Thus, k'measurements do not  
Normal v e l o c i t y  d i sc r imina t ion  i s  e f f e c t i v e  i n  t h e  modified t a u  
system, providing (under the  cond i t ions  d iscussed)  a minimum warning 
t i m e  of 32 seconds as compared t o  26 seconds obta ined  without  t h i s  form 
of d iscr imina t ion .  Der iva t ion  of t r u e  normal v e l o c i t y ,  however, r e q u i r e s  
an exchange of v e l o c i t y  vec tor  d a t a  between a i r c r a f t ,  and adds cons iderably  
to t h e  system complexity. 
We thus  conclude t h a t ,  un le s s  a n  unduly high alarm rate is  accepted,  
t h e  minimum measurements requi red  are relat ive range,  c los ing  v e l o c i t y ,  
and a l t i t u d e .  With t h e s e  measurements, minimum alarm t i m e s  on t h e  order  of 
2 30 seconds can b e  obtained us ing  t h e  modified t a u  o r  R -r-range warning 
#criteria ( see  Table 4 ) under t h e  a c c e l e r a t i o n  and v e l o c i t y  c o n s t r a i n t s  
assumed. 
necessary t o  exchange v e l o c i t y  v e c t o r  d a t a  between a i r c r a f t .  
For longer  warning t i m e s  and/or  reduced f a l s e  alarms, it appears  
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Under t h e  v e l o c i t y  and a c c e l e r a t i o n  c o n s t r a i n t s  assumed, t h e  
requi red  d e t e c t i o n  range i s  on t h e  o rde r  of 5 m i l e s  f o r  t h e  modified 
t a u  - a l t i t u d e  system providing a 32 second warning t i m e .  
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V I I .  CONCLUSIONS 
The s imula t ion  of t h e  system us ing  t h e  most congested hour (hour 11)  
of t he  At l an ta  d a t a  base  ind ica t ed  t h a t  i n t e r f e r e n c e  levels from a l l  
sources  were s m a l l  i n  comparison t o  t h e  s i g n a l  from a p o t e n t i a l l y  hazardous 
a i r c r a f t .  Transponder s a t u r a t i o n  by m u l t i p l e  a i r c r a f t  i n t e r r o g a t i o n s  
does no t  appear t o  be  any problem wi th  t h e  system parameters now used. 
The p r o b a b i l i t y ,  under hour 11 cond i t ions ,  t h a t  t h e  transponder s a t u r a t i o n  
f a c t o r  w i l l  exceed a v a l u e  of 1 .4  ( i . e .  a g a i n  r educ t ion  of 1.45 db) 
i s  on t h e  order  of .01. The p r o b a b i l i t y  t h a t  t h e  t o t a l  ou tput  of t h e  
transponder w i l l  exceed 16  dbm i s  of t h i s  same o rde r  ( . O l ) ,  Thus, t h e  
transponder is ope ra t ing  w e l l  w i t h i n  i t s  designed va lues  under congested 
cond i t ions ,  and appears  t o  be somewhat conserva t ive ly  designed. 
I n  t h e  receiver, a dynamic range of 45 db should be adequate t o  prevent  
There is  a low p r o b a b i l i t y  ( 4  x s a t u r a t i o n ,  with h igh  p r o b a b i l i t y .  
t h a t  t h e  n o i s e  p l u s  t h e  i n t e r f e r e n c e  power w i l l  exceed a threshold  level 
providing a 60 second warning a t  a 240 knot  c l o s i n g  v e l o c i t y .  Thus, alarms 
caused by i n t e r f e r i n g  s i g n a l s  are expected t o  be n e g l i g i b l e  under t h e  
cond i t ions  represented  during t h e  s imula t ion .  The cross-product power 
t e r m  i s  t h e  most s i g n i f i c a n t  i n t e r f e r e n c e  source.  
Using the  threshold  level mentioned above, t h e  system was i n  a n  alarm 
s t a t u s  2.4 percent  of t h e  t i m e .  
received s i g n a l  w i l l  exceed t h e  threshold  level i s  on t h e  order  of 4 x 
under hour 11 condi t ions .  
p r o b a b i l i t y  t h a t  t h e  l a r g e s t  s i g n a l  t o  n o i s e  p l u s  i n t e r f e r e n c e  r a t i o  w i l l  
exceed 20 db i s  on t h e  order  of .9. No cases w e r e  observed i n  which t h e  
s i g n a l  t o  no i se  p l u s  i n t e r f e r e n c e  r a t i o  was less than  10 db f o r  t h e  s i g n a l  
causing t h e  alarm. 
The p r o b a b i l i t y  t h a t  t h e  second l a r g e s t  
While t h e  receiver i s  an  alarm s t a t u s ,  t h e  
Deta i led  s tudy of t h e  d i s t r i b u t i o n  of power levels from t h e  a f r c r a f t  
i n  t h e  popula t ion  ind ica t ed  t h a t  t h e  power levels are approximately 
d i s t r i b u t e d  normally. Actual  d i s t r i b u t i o n s  were found f o r  t h e  f i v e  c l o s e s t  
a i r c r a f t  t o  a randomly s e l e c t e d  a i r c r a f t ,  and knowledge of t h e  t h e o r e t i c a l  
d i s t r i b u t i o n s  permits  e x t r a p o l a t i o n  t o  higher  d e n s i t y  te rmina l  area models. 
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I n  t h e  f l i g h t  tests, comparison of s imulated and experimental  va lues  
of range measurements i nd ica t ed  d i f f e r e n c e s  on t h e  o rde r  of 10-15 percent  
over t h e  c a l i b r a t i o n  range of t h e  equipment. This  degree  of accuracy 
permit ted t h e  de te rmina t ion  of t h e  sources  of t h e  measurement e r r o r s  i n  
t h e  f l i g h t  systems. Analyses of t h e s e  sources  of e r r o r  were conducted 
by LRC personnel ,  us ing  t h e  r e s u l t s  of t h e  f l i g h t  tests s imula t ion .  
A comparison of i d e a l i z e d  systems on t h e  b a s i s  of warning times 
achieved f o r  a g iven  p r o b a b i l i t y  of alarm i n d i c a t e s  t h a t  ach iev ing  t h e  
requi red  p r o t e c t i o n  without  excess ive  alarms is a n  extremely d i f f i c u l t  t a sk .  
Systems based on proximity a lone  and on range and range rate measurements 
on ly  are  f e l t  t o  be  n o t  f e a s i b l e .  A s  a minimum, a l t i t u d e  d i f f e r e n c e  d a t a  
should be used i n  t h e  warning l o g i c .  
U s e  of approximate m i s s  d i s t a n c e  d i sc r imina t ion  is  e f f e c t i v e  i n  
reducing t h e  number of f a l s e  alarms, however, it w a s  found t h a t  dangerous 
suppress ion  of t h e  warning t i m e  can occur under a c c e l e r a t i n g  cond i t ions ,  
and t h a t  d i sc r imina t ion  based on re la t ive  range a c c e l e r a t i o n  should n o t  be  
used i n  warning log ic .  The u s e  of approximate m i s s  d i s t a n c e  measurements 
as a s s i s t a n c e  t o  t h e  p i l o t  i n  evas ive  maneuvers should be inves t iga t ed  
f u r t h e r  i n  f u t u r e  work. 
The extended modified t au  cr i ter ia  developed i n  Appendix A should have 
a b e n e f i c i a l  e f f e c t  on t h e  f a l s e  alarm performance, whi le  no t  adverse ly  
e f f e c t i n g  t h e  system p ro tec t ion .  This  extended c r i t e r i o n ,  when s imulated 
us ing  t h e  hour 11 d a t a  base,  reduced t h e  percent  of time i n  alarm s t a t u s  
from 2,2% t o  1 ,4% f o r  t h e  c r i t e r i o n  IC < 35 sees .  and a l t .  d i f f .  < 500 f t .  m 
I n  summary, w e  can conclude t h a t  s a t u r a t i o n  and i n t e r f e r e n c e  i s  no t  
a problem wi th  t h e  system as p resen t ly  designed,  and under t h e  f l i g h t  
cond i t ions  represented  by t h e  most congested hour of t h e  d a t a  base.  
Simulat ions of t h e  f l i g h t  tests i n d i c a t e  t h a t ,  i n  most cases, t h e  sources  of 
measurement e r r o r  i n  t h e  system are w e l l  known and can be accounted f o r  
s a t i s f a c t o r i l y .  Comparisons of i d e a l i z e d  systems i n d i c a t e  t h a t  t h e  alarm 
threshold  should be  set t o  provide a n  alarm on t h e  order  of 30 seconds and 
t h a t  t h e  modified t a u  (or  extended modified t a u )  c r i t e r i o n  should be used 
i n  warning l o g i c ,  a long with a l t i t u d e  d i sc r imina t ion  on t h e  o rde r  of k 500 
f e e t  
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EXTENSIONS OF THE "MODIFIED TAU" WARNING CRITERIA 
, i  > 
Thk "modified tau" c r i t e r i a  provides  a warning based on t h e  measure- 
ment of range (R) and range  rate (R) ,  and a n  alarm is sounded i f  
11 2 
< T  
-R + [k2 + 2UR] 
U mk T =  m (A-1) 
where U and T~~ are s e l e c t e d  cons t an t s .  
Appendix A, i n d i c a t e s  t h a t  i t  may b e ' p o s s i b l e  f o r  t h e  two a i r c r a f t  t o  
The cri teria,  as shown i n  
c o l l i d e  w i t h i n  T~ seconds i f  t hey  make t h e  worse p o s s i b l e  maneuvers 
wi th  a cons t an t  relative a c c e l e r a t i o n  of U. 
T h i s  is a "worse case" c r i te r ia  t h a t  r e q u i r e s  r e l a t i v e l y  l a r g e  
mk * r eg ions  i n  ;he R, R p lane  t o  a s s u r e  reasonable  warning t i m e s  T 
To o b t a i n  a more realist ic i d e a  of t h e  warning time t o  be expected 
us ing  t h i s  cri teria,  and assuming t h a t  p i l o t  i n t e n t  i s  unknown, i t  seems tha t  
p r o b a b i l i s t i c  d e s c r i p t i o n  should be used f o r  t h e  a c c e l e r a t i o n  c o n s t r a i n t  
U. 
v a r i a b l e ,  and determine t h e  .expected o r  average va lue  of t h e  time-to- 
That is ,  we cons ldc r  the iuaxliwiii r c l a f lva  a c c c l c r n t i o n  ao a randoin 




The v a l u e  of t h i s  approach i s  t h a t  a more rea l i s t ic  estimate of t h e  
degree  of hazard i s  obta ined ,  and hence smaller r eg ions  i n  t h e  R ,  
p lane  are r equ i r ed  t o  provide  s u f f i c i e n t  p r o t e c t i o n .  
worse p o s s i b l e  maneuver is s t i l l  assumed provides  a n , a d d i t i o n a l  margin 
The f a c t  t h a t  t h e  
of  s a f e t y .  
We f i n d  t h e  expected o r  average  v a l u e  of  T by u s e  of t h e  m 
expres s ion .  
E, { T ~ ~ )  = 
-m 
where f ( u )  i s  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of maximum a c c e l e r a t i o n ,  
considered now as a rahdom v a r i a b l e .  T (u) i s  g iven  by Equation A-1 wi th  
U = u. 
m 
A s  a n  example of t h e  c a l c u l a t i o n , . a s s u m e  t h a t  any v a l u e  of  u is  
I - -  
equally l i k e l y ,  0 < u U, s o  t h a t  t h e  p r o b a b i l i t y  clcnsiry of u 
i s  
o ' ; - u - ; u  
1 
U '  f ( u )  = -  (A-3 1 
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The expected v a l u e  of T is t hen  m 
This  i n t e g r a l  i s  eva lua ted  t o  g ive  
. .  
where 
(A-5) 
L .R"  J 
and T~~ i s  used t o  des igna te  t h e  expected v a l u e  of t ime- to-col l i s ion  
under t h e  assumptions made. Curves of cons t an t  T have been p l o t t e d  em 
i n  t h e  R, R p l ane  i n  Figure A-1 f o r  comparison wi th  va lues  of T . As m 
may be  seen ,  t h e  curves  have t h e  same g e n e r a l  shape of  t h e  T curves  
except  f o r  t h e  r eg ion  where c l o s i n g  v e l o c i t y  i s  s m a l l .  
measured va lue  of R and R, w e  f i n d ,  as would be  expected, t h a t  va lues  of 
m 
For a given 
T a y e  cons iderably  less than  va lue  of T . em m 
.The r e l i a b i l i t y  of t h e  est imated v a l u e  T~~ could be improved i f  
t h e  assumption as t o  t h e  d e n s i t y  func t ion  of U could be  removed. 
Fur ther  Ex t ens ions  
The modified t a u  cr i ter ia  con ta ins  an  u n r e a l i s t i c  f e a t u r e  i n  t h a t  
no d i s t i n c t i o n  i s  made between normal and a x i a l  a c c e l e r a t i o n s  of t h e  
ind iv idu 'a l  a i r c r a f  ts involved.  Axial (along pa th)  a c c e l e r a t i o n  components 

























p a r t i c u l a r l y  i n  t h e  t e rmina l  area wi th  imposed speed l i m i t s .  Also,  one 
f e e l s  i n t u i t i v e l y  t h a t  hazards  due t o  a i r c r a f t  a c c e l e r a t i o n s  become less 
iiiiportant as t h e  measured c l o s i n g  v e l o c i t y  incrcases. That is ,  i f  a 
l a r g e  c l o s i n g  v e l o c i t y  is  measured, a near  head-on encounter i s  
i n d i r e c t l y  implied.  
Thus, w e  are l e d  t o  formula te  mathematical ly  a cr i ter ia  t h a t  t akes  
i n t o  account a d d i t i o n a l  c o n s t r a i n t s  on t h e  a l lowable  re la t ive accelera- 
t i o n  p r o f i l e .  
Consider t h e  diagram of Figure A-2. Here t h e  present  p o s i t i o n s  of 
t h e  p ro tec t ed  and i n t r u d i n g  a i r c r a f t s  are i n d i c a t e d  by 0 and 
r e s p e c t i v e l y  ( i . e .  a i r c r a f t  1 i s  a t  t h e  o r i g i n  of coord ina te s  def ined  
(T) 2 
by u n i t  v e c t o r s  'F and i w i t h  P i n  t h e  d i r e c t i o n  of T2(T)). The r n '  r 
p o s i t i o n s  of t h e  a i r c r a f t s  a t  some t i m e  t later are given by 
T T  T T  
and 
where (T) and (T) are t h e  a c c e l e r a t i o n  func t ions  of a i r c r a f t s  1 and 
2, r e s p e c t i v e l y .  
1 2 
93 
Evaluat ions of t h e  i n t e g r a l s  on t h e  l e f t  hand s i d e  g ives  
T+t  s 
T T  
(A-9) 
Now, s i n c e  i f  a p o i n t  can b e  reached I n  a g iven  t i m . e  by any s o r t  of 
a c c e l e r a t i o n  p r o f i l e ,  i t  can a l s o  be  reached by a cons t an t  a c c e l e r a t i o n  
of no g r e a t e r  magnitude, w e  assume a cons t an t  a c c l e r a t i o n  t o  o b t a i n  
- - 
pl(T + t )  = i l ( T )  t + x1t2/2 (A-10) 
- - 
p2(T + t) = p2(T) + ;2(T) t + x 2 t 2 / 2  (A-11) 
These equat ions  d e f i n e  t h e  sets of p o i n t s  r eachab le  by t h e  a i r c r a f t s  i n  
a t i m e  t where varies over a l l  a l lowable  cons t an t  v e c t o r s  and t varies 
from 0 t o  tee 
e 
FOK t h e  set of a l lowable  and x2 v e c t o r s ,  we assume t h a t  a x i a l  1 
components are n e g l i g i b l e  and t h a t  t h e  re la t ive  magnitude i s  Lim2ted t o  




For a c o l l i s i o n  t o  t a k e  p l a c e  w i t h i n  a t i m e  t w e  must have e’ 
f o r  some t, 0 < t < te. Using Equations A-10 and A-11, w e  o b t a i n  
z - - r ( T )  + r ( T )  t + (x2 - A1) t /2 = 0 
(A-13) 
(A-14) 
Now r e s o l v e  Equation A-14 i n t o  components normal t o  and along t h e  
relative range  vec to r .  
F ( T )  + k ( T ) t  - A2t 2 /2  s i n  e 2  - A t 2 / 2  s i n  e 
lr  1 
1 2 2 le [V,(T) t - A2t /2  cos  e 2  + Alt / 2  cos  = o 
II. - .  c - 
where, dropping t h e  T n o t a t i o n  f o r  s implici ty , -R.= 1 
vn = le . r, 
. r ,  R = lr e r ,  -r 
and s i n  0 = CB - - lr * A1 2 = 1 ~ ~ 1 ’  A~ = lXl], s i n  e = *1 1 
Each v e c t o r  component must equa l  zero,  and squaring and adding t h e  
(A-16) components g i v e s  
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The term i n  t h e  b racke t s  is ,  of course ,  t h e  square  of t h e  
magnitude of  t h e  relative a c c e l e r a t i o n  vec to r .  
a d d i t i o n a l  c o n s t r a i n t s  on t h e  magnitude of this v e c t o r  based on t h e  
We d e s i r e  t o  p l a c e  
f a c t  t h a t  only components of a c c e l e r a t i o n  normal t o  t h e  v e l o c i t y  v e c t o r s  
are being considered.  
r e l a t i v e  headings of each a i r c r a f t  i s  known, o r  u n l e s s  a d d i t i o n a l  
assumptions are made. Following t h e  l a t te r  course ,  w e  assume t h a t  
This  appears  imposs ib le  i n  g e n e r a l  u n l e s s  t h e  
(A-17) 
and t h a t  Vn(T) = 0. 
area wi th  imposed speed l i m i t s ,  whi le  t h e  la t ter  assumption i s  
The f i r s t  assumption i s  reasoriable i n  t h e  t e rmina l  
equ iva len t  t o  t h a t  assumed i n  t h e  d e r i v a t i o n  of t h e  "modified tau" 
cri teria e 
With t h e s e  assumptions, w e  n o t e  t h a t  8 = 8 and t h a t  t h e  maximum 1 2  
relative a c c e l e r a t i o n  v e c t o r  t h a t  w i l l  p rovide  a s o l u t i o n  is  obta ined  
when A1 = A24 I n  r e fe rence  [ 4 1 ,  i t  is  shown t h a t  i f  a s o l u t f o n  t o  
- 
u a t i o n  A-16exists f o r  some lx2 - All and some t ,  0 < t < te, i t  a l s o  
- 
exists f o r  a l l  g r e a t e r  va lueso f  Ix2 - All. We have 
. 2  
- COS 26) 
J.' L 
- 




Thus, under our assumption, a hazard w i l l  e x i s t  i f  
4 (1 - cos 20) t (R f i t )  2 = -g- u2 
f o r  some t ,  0 < t < te. Taking t h e  squa re  r o o t  of both s i d e s  g i v e s  
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[l - cos  201 t U R f k =  - 
2 K  
o r  
2 




The remaining t a s k  i n  developing t h i s  cri teria is  t o  estimate 
s i n  0 from p o t e n t i a l l y  measurable d a t a .  I f  w e  assume a reasonable  
maximum relative v e l o c i t y  e x i s t s ,  s ay  V (e.g. about 400 KTS i n  
t h e  t e rmina l  a r e a ) ,  then an  estimate of s i n  0 based on a range  rate 
measurement i s  
max ' 
(A-23) 
i > V  max = o  
e 
(when lV1/ = IV,l and = 8 as assumed). B Since cos 8 2 - 
max 2 v 
Thus, w e  have developed a cri teria t h a t  has  t h e  d e s i r e d  behavior  
as i n i t i a l l y  d iscussed .  
"modified tau ,"  whi le  a t  l a r g e  v a l u e  of k9 t h e  cri teria reduces to t h e  
"tau" cri teria (T = R / i ) .  
A t  low va lues  of & t h e  cr i ter ia  behaves as 
The cr i ter ia  is summarized as: a hazard 
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1 2 3 4 5 
RANGE (NM) 
Figure  A-3. P l o t  of t h e  extended modified t a u  criteria (assumes accelera- 
t i o n  components normal t o  t h e  v e l o c i t y  v e c t o r s ) .  
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. (A-24)  
R i i t = O  i f  i > vmax 
This  cri teria i s  p l o t t e d  i n  Figure  A-3 f o r  several va lues  of t 
e 
f o r  comparison wi th  t h e  modified t a u  and t a u  cri teria.  
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APPENDIX B 
THE D.C. OUTPUT OF A PRODUCT DETECTOR-LIMITER CIRCUIT 
WITH MULTIPLE INPUT SIGNALS 
Introduction 
The detector circuit used in the collision warning receiver has a 
configuration as shown in Figure B-1. The Doppler tone signal is differenti- 
ated and split into two parts, one of which passes through a limiter and 
thence is combined with the other in the product detector. A low pass 
filter is used to eliminate high-order harmonics and smooth the output 
voltage. 
Differentiation 
d-c Dopple output 
Figure B-1. Detection block diagram. 
Analysis 
Assume that four doppler signals of magnitudes P,Q,R, Sr S and noise 
n(t),are present at the doppler output, i.e. 
e(t> = P cos Pt + 9 cos qt + R cos rt + s COS st + N(t) 
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where p , q p r 9  & s are t h e  doppler f requencies .  The output  of t h e  d i f f e r -  
e n t i a t o r  e,(t)  is 
e,(t) = P p s i n  p t  + Q q s i n  q t  + R r  s i n  r t  + Ss  s i n  s t  + i(t) 
4 p , q , r  o r  s < 27r x 10 - 
no te  t h a t  t h e  d e r i v a t i v e  of t h e  n o i s e  term is i n d i c a t e d  only. Addi t iona l  
comments w i l l  be  made i n  t h e  subsequent a n a l y s i s ,  f o r  t h e  case i n  which 
n ( t )  corresponds t o  wh i t e  no ise .  
The s i g n a l  e ( t )  is  a l s o  t h e  inpu t  t o  t h e  l imiter.  The output  of 1 
t h e  l i m i t e r  w i l l  now be  der ived,  based on an ex tens ion  of t h e  r e s u l t s  
given by R i c e  [ 21 .  The au to -co r re l a t ion  of t h e  output  from t h e  l i m i t e r  
-m -m 
i n  which t h e  output  v o l t a g e  of t h e  
P(ea,eb> dea deb 
non l inea r  element i s  e = f(e,)  and 2 
p(eaeb) is the  j o i n t  p robabi l i ty -dens i ty  func t ion  of e2, t h a t  i s  
% ( t )  = e (t + T) f o r  t h e  e rgodic  case. 
expressed i n  terms of t h e  t ransform of f ( e ) ,  which is def ined as 
This  equat ion  w i l l  now b e  a 
m 
de - jue  F ( j u )  = 1 f ( e ) e  
-m 
S u b s t i t u t i n g  (4) i n t o  (3) and in te rchanging  t h e  order  of i n t e g r a t i o n  




( the  cons tan t  term arises from inve r s ion  of ( 4 ) .  The las t  term i n  t h i s  
equat ion may be recognized as t h e  c h a r a c t e r i s t i c  func t ion  of v and vb9 i .e. ,  b 
m m  
b de  deb a 
juea  + jve 
M( ju , jv , r>  1 1 P(eaeb) e 
-m -m 
Thus (5) can be w r i t t e n  as 
m 
Assuming t h a t  t h e  i n d i v i d u a l  terms i n  (2) are independent,  t h e  charac- 
t e r i s t i c  func t ion  can be w r i t t e n  i n  terms of t h e  component s i n u s o i d a l  
and n o i s e  terms , 
Consider a t y p i c a l  term such as Mr( ju , jv , r ) ,  by u s e  of t h e  e rgodic  hypothes is ,  
l i m  1 
M R ( j u , j v d >  =T-->m r exp[ ju  R cos rt + j v  R cos r ( t + r ) ]  d t  
0 
and by use  of t h e  r e l a t i o n s h i p ,  
u cos r t + v cos r (t+.r> = J , ~ + v ~ + ~ u v  cos r. @os rr  + 8) 
(where 8 i s  t h e  phase ang le ) ,  then  i n t e g r a t i o n  y i e l d s  
The n o t a t i o n  I' used i n  t h e  above equat ion is  def ined by t h e  expression,  
2 - ri - d u2 + v + 2uv cos i r  e 
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One other result is needed at this point. 
tion for the gaussian noise voltage is given by, 
The characteristics func- 
Jlo (u2 + v2) - $,uv]. 2 Mu (ju, jv,-c) = exp [ - (B-10) 
In this equation 
mean-square noise, The autocorrelation function, in terms of the above 
quantities, is 
is the correlation function of n(t) and $o is the 
(B-11) 
By use of the expansion 
the autocorrelation function (11) can be written as 
- 
(3-12) 
x cos f pT cos g qT cos hr T cos i sT. 
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t e r m  i n  t h i s  equat ion is given by The Hfghik 
-W 
(B-13) 
- f u2 
Ji(Su) e du 
A s  R i c e  h a s  poin ted  o u t ,  the dc and p e r i o d i c  t e r m s  i n  t h i s  express ion  are 
obtained by l e t t i n g  T -t w .  
m W W W 
= c 1 1 1 “nH f g h i  cos  fpT cos gqT 
f=o g=o h=o i-o @LT 3 
(B- 14 ) 
x cos h r  T cos i s T 
This equat ion  r e p r e s e n t s  t h e  a u t o c o r r e l a t i o n  func t ion  f o r  t h e  s i g n a l  a t  
t h e  output  of t h e  l i m i t e r .  
a n a l y s i s  of t h e  product d e t e c t o r .  
an inpu t  of t h e  same form as (l), f o r  an  inpu t  such as (2) each of t h e  
P,  Q ,  R, and S t e r m s  should be rep laced  by PP, 442 etc ,  
S p e c i f i c  t e r m s  w i l l  be  examined fol lowing 
Note t h a t  t h e  above express ions  assumed 
The next  t a s k  t o  be d iscussed  is  t h a t  of de r iv ing  an express ion  f o r  
t h e  dc output  of t h e  product d e t e c t o r .  The terms r e l a t e d  t o  t h e  dc output  
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can be identified by considering the following analysis. 
signal 
For a 
K w cos wdt 1 d  
acting as an input to the product detector, and a square wave switching 
voltage 
co 
cos nw t, sin 7r/2 2'2 1 nr/2 d n=l 
the output will comprise the product of these terms. 
tributing to the dc component is 
The only term con- 
sin 7r/2 
2K1K2wd ~r/2 
- -   4 K K w ( l -  
2~r 1 2 d  
2 [cos nw t] d 
cos 2 Wdt). 
The dc output of a product detector, in which the input and switching volt- 
age consists of incommensurable sinusoidal terms, is the sum of fundamental 
coefficient products. The expressions for the harmonic and cross product 
(fluctuating) terms is extremely messy. These terms will not be considered 
since the present purpose is to evaluate distortion in the detected doppler 
signal arising from multiple targets. 
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The low-pass f i l t e r ,  shown i n  F igure  B-1, u se s  t h e  c i r c u i t  shown below 
C 
The t r a n s f e r  func t ion  of t h i s  f i l t e r  i s  






- -  1 
sCR2 f 1 (B-15) 
The t r a n s f e r  func t ion  f o r  a l i m i t e r  may be  found i n  Middleton p. (639)[91 ,  
i .e.  
-uR 
0 1 - e  
2 
F ( ju )  = 26 
-U 
The symbols used i n  t h i s  equat ion are shown i n  t h e  fol lowing sketch.  
F igure  B-2 .  D e f b i t i o n  of .6 
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Returning to (14), the fundamental terms in the output of the limiter 
can be seen to result from equating one of the fghi indices to unity 
and the others t o  zero. Thus the magnitude, €or the input sinusoidal 





tion is shown 
The dc output 




of the product detector (using ke as the detector proportionality 
factor) is the product of the input signal and the coefficient of the 
fundamental terms, i.e., 
= k [ppH + qQH + rRHr + sSHsl. 
Edc d P q 
This equation represents the dc output of the sum channel. The outputs 
from the other channels are obtained by substituting the proper channel 
voltages for the P, Q, R, and S terms in the above equation (e.g., page 9 
of ref i311). 





1-(cos u Ro - i sin uR ) 
F(P, Q, R, S ,  U) du 0 w 2 
-U 
C 




= 0 since J is odd 1 = 0 since J is odd 1 
m sin R u 
J1(Pu)J (Qu) J0(Ru) J (Su) du 2 H = 3  1 0 
R 2 0 0 
U 
-m 




Computer programs have been written to solve the integral given in Equation 
B-18,. T h i s  integral calculates the .fundamental output of the limiter, or 
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normalized gain f o r  the particular input of interest. 
calculated for various values of input signal level as shown in Figures B-3 
and B-4. 
shows the normalized limiter gain for the case when a third signal is 
present e 
Curves have been 
Figure B-3 represents the case f o r  two input signals and Figure B-4 
In the computer simulation, the dc voltage from the product detector 
is calculated using Equation B-17, with Equation B-17 generalized to include 
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APPENDIX C 
PHASE PLANE PLOT OF A SET OF COLLISION TRAJECTORIES 
UNDER AN ACCELERATION CONSTRAINT 
It i s  informative,  i n  i n v e s t i g a t i o n  of t h e  p r o t e c t i o n  a f forded  by 
var ious  systems, t o  v i s u a l i z e  t h e  r e l a t i v e  t r a j e c t o r i e s  i n  t h e  phase 
(R, i> plane.  
For a c c e l e r a t i o n  l i m i t e d  t r a j e c t o r i e s ,  w e  have 
where R i s  range a c c e l e r a t i o n .  Hence, t h e  s l o p e s  of t h e  t r a j e c t o r i e s  i n  
phase space are given by, 
A set of a l lowable t r a j e c t o r i e s  are sketched i n  F igure  C-1, f o r  t h e  s p e c i f i c  
case of U = 1 / 2  g. 
f o r  one a i r c r a f t  tu rn ing)  








0 1 2 3 4 5 
RELATIVE RANGE, NAUT. MI. 
Figure C-1, Phase p lane  p l o t  i n d i c a t i n g  s lope  i s o c l i n e s  f o r  t r a j e c t o r i e s  
with a c c e l e r a t i o n s  not  exceeding k 112 8 .  
al lowable t r a j e c t o r i e s  is a l s o  sketched. 
A set of 
114 
APPENDIX D 
RECEIVER DATA PROCESSING 
General Descr ip t ion  
The fol lowing documents t h e  c a l c u l a t i o n s  f o r  vo l t ages  from t h e  r e c e i v e r  
t h a t  are analogs of range,  range rate, range a c c e l e r a t i o n ,  normal v e l o c i t y ,  
t a u ,  b e t a ,  m i s s  d i s t a n c e ,  and modified tau .  A l l  of t h e s e  v o l t a g e  levels are 
ca l cu la t ed  from t h e  rece ived  power levels and f requencies .  The c a l c u l a t i o n s  
are based on both t h e o r e t i c a l  models and empi r i ca l  d a t a  der ived  dur ing  t h e  
r ece ive r  c a l i b r a t i o n s  a t  LRC. 
Af t e r  c a l c u l a t i o n  of t h e  v o l t a g e  analogs,  a conversion i s  made t o  t h e  
corresponding geometr ica l  va lue  and t h e  e r r o r s  re la t ive t o  t h e  ground based 
radar  v a l u e s  and experimental  va lues  are c a l c u l a t e d .  
p a r t  of t h e  s imula t ion  program inc lude  t h e  rece ived  power levels and 
f requencies ,  t he  geometr ica l  and experimental  v a l u e s  of parameters ,  and t h e  
app l i cab le  system parameters.  
The i n p u t s  t o  t h i s  
Input  Parameters 
Inpu t s  used i n  t h i s  s e c t i o n  of t h e  program inc lude  t h e  fol lowing:  




= AGC loop time cons tan t  
= Discr imina t ion  t i m e  cons tan t  
= D i f f e r e n t i a t o r  t i m e  cons tan t  
= Receiver response c h a r a c t e r i s t i c  as a 
f r a c t i o n  of I F  ampl i f i e r  i n p u t  power 
l e v e l  (P) and doppler  frequency (f ) 
(experimental ly  determined) 
('Yfd) 
d 
Experimental (determined from reduct ion  of f l i g h t  r eco rds )  
Geometrical  (derived from ground-based r a d a r )  va lues  of 
va lues  of range,  range rate, etc.  
range,  range  rate, etc.  
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Calcu la t ions  
Using t h e  va lues  of doppler frequency and power a t  t h e  I F  a m p l i f i e r  
i n p u t ,  t h e  v o l t a g e  from t h e  r ece ive r -de tec to r  is  ca l cu la t ed  from t h e  
func t ion  f ( P ,  f d ) .  
func t ion  i s  shown i n  Fig.  D-1. F igure  D-2 i n d i c a t e s  t h e  de t ec t ed  v o l t a g e  
ve r sus  power a t  t h e  I F  ampl i f i e r  i npu t  f o r  a p a r t i c u l a r  frequency (1600 Hz). 
The output  of t h e  d e t e c t o r  i s  a v o l t a g e  analogous t o  range i n  n a u t i c a l  
m i l e s .  I t  should be noted t h a t  t h e  func t ion  shown i n  Fig.  D - 1  is  
introduced i n t o  t h e  computer as p o i n t s  a t  100 Hz i n t e r v a l s  of frequency, 
and l i n e a r  i n t e r p o l a t i o n  i s  used t o  c a l c u l a t e  values a t  in te rmedia te  
f requencies .  
This  experimental ly  determined r ece ive r  c a l i b r a t i o n  
The t i m e  response c h a r a c t e r i s t i c s  are introduced i n t o  t h e  c a l c u l a t i o n  
by t h e  fol lowing technique: The d e t e c t o r  low-pass f i l t e r  ou tput  v o l t a g e  is  
given by t h e  equat ion  
where Vi is  t h e  inpu t  vo l t age ,  T 
Laplace v a r i a b l e .  
i s  t h e  f i l t e r  t i m e  cons t an t ,  and S i s  t h e  a 
I n  d i f f e r e n t i a l  equat ion  form, 
+ v  = v .  dvO 
i T -  a d t  O 
Approximating t h e  de r  i v i  t i v e  g i v e s  
n n- 1 v - v  
0 0 n n + v o  = v  A t  i T a (D-3)  
where t h e  supe r sc r ips  i n d i c a t e  t h e  c a l c u l a t i o n  increment.  Solving f o r  t h e  






























































-40 -50 -60 -70 -80 -90 -100 -110 
POWER LEVEL (DBM) 
Figure D-2. Power at IF amp input (DBM). 
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Equation D-4 is then  used t o  c a l c u l a t e  t h e  d e t e c t o r  ou tput  ( range)  vo l t age .  
Provis ions  are, of course ,  made t o  a s s u r e  t h e  proper i n i t i a l  cond i t ions  t o  
prevent t r a n s i e n t s .  S i m i l a r  express ions  are used f o r  t h e  d i sc r imina to r  and 
d i f f e r e n t i a t o r  f i l t e r  v o l t a g e  outputs .  
The percentage  e r r o r s  between measured, geometr ica l  and experimental  
va lues  ( see  p r i n t o u t  of Fig.  18 ) are ca l cu la t ed  as, f o r  example, 
x 100. Exp. range  - Geo. range  Geo. range % e r r o r  EXP-GEO = 03-51 
Percentage e r r o r s  due t o  power v a r i a t i o n s  (e .g .  ga in  c a l i b r a t i o n  and 
antenna p a t t e r n  c h a r a c t e r i s t i c s )  are c a l c u l a t e d  from express ions  such as ,  
% e r r o r  (antenna p a t t e r n )  = K (AG) (D-6) 
where AG is  t h e  antenna ga in  v a r i a t i o n  i n  db and K i s  a cons tan t  r e f l e c t i n g  
t h e  d e t e c t o r  s lope  ( i . e .  t h e  "range" vo l t age  per  DBM power a t  t h e  I F  
ampl i f i e r  i n p u t )  and a conversion from base 10  logs  t o  base  e logs.  
d e r i v a t i o n  of Equation D-6 i s  as fol lows:  The d e t e c t o r  c h a r a c t e r i s t i c s  a t  
1600 cps  are g iven  by 
The 
log  R = .02 Pdbm + C1 
where R i s  t h e  range i n  n. m i .  and C is  a cons tan t .  D i f f e r e n t i a t i o n  g ives  
dR .02 - =  
R 10glOe dPdbm' 
and Equation D-6 fol lows immediately s i n c e  a change i n  ga in  is  equiva len t  
t o  a change i n  power level. 
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The r e s i d u a l  e r r o r s  are c a l c u l a t e d  as ind ica t ed  by t h e  numbers on 
t h e  p r i n t o u t  shee t .  For example, 
Residual ( 1  - 2 * 3 * 4 * 6) = 
(dop. f i l .  % e r r o r  + 100) 
100 
(de t .  s l o p e  % e r r o r  + 100) 
100 
( e l .  p a t t e r n  % e r r o r  + 100) 
100 





System parameters form an i n p u t  to t h e  s imula t ion  program, and are 













1 2  








2 1  
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23 
Parameter U n i t s  Value 
Transmitted Power 
High Transmi t t e r  Freq. 
Low Transmi t t e r  Freq. 
O s c i l l a t o r  Deviat ion D e l  
O s c i l l a t o r  Deviat ion D e l  
B a l .  Mixer Bias Power 
Transponder Output S a t .  Power 
Transponder Gain Constant 
Transponder Input  t o  B a l .  Mixer Gain 
Transponder Inpu t  Channel Bandwidth 
Transponder Output Channel Bandwidth 
Transponder Noise Figure 
Transmitter-Transponder I s o l a t i o n  
Receiver Noise Figure 
Doppler F i l t e r  Bandwidth 
Power Gain Constant-Rec. Input  t o  I . F .  
Transponder-Receiver I s o l a t i o n  
Spare 
Spare 
AGC T i m e  Constant 
Discr iminator  T h e  Constant 
D i f f e r e n t i a t o r  T i m e  Constant 
Spare 




































-150 I) 00 
6.30 
3.00 








1 2 1  
No Parameter Units Value 
24 4.25 Transmitter Antenna Gain DB 3 - 9 0  
25 4,25 Transponder Antenna Gain DB -1.50 
26 2.70 Transmitter Antenna Gain DB 5.20 
- 
27 2.70 Transponder Antenna Gain DB -1 * 00 
28 1,55 Receiver Antenna Gain DB 1.80 
29 1.55 Transponder Antenna Gain DB 50 
30 Spare -- 0.00 
* 
Note: Antenna gain values are adjusted for loss factors in some cases. 
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APPENDIX F 
FLIGHT TEST DATA 
I n  t h i s  Appendix, computer p r i n t o u t s  f o r  t h e  f l i g h t  tests d iscussed  
Although the  p r i n t o u t s  were obtained every i n  Sec t ion  V are presented.  
5 seconds dur ing  each f l i g h t  test ,  
f i r s t  po in t  a t  which t h e  alarm w a s  rece ived  i n  order  t o  conserve space.  
I n  cases where no alarm w a s  rece ived  ( i n  t h e  s imulated f l i g h t )  a p r i n t o u t  
2 near t h e  p o i n t  of minimum R T i s  given.  For i n t e r p r e t a t i o n  of t h e  
p r i n t o u t s ,  see t h e  d i scuss ion  i n  Sec t ion  V-B. 
Is should be noted t h a t  during t h e  f l i g h t  tes t ,  t h e  systems i n  t h e  
t h e  p r i n t o u t s  are given only f o r  t h e  
a i r c r a f  ts were s l i g h t l y  d i f f e r e n t .  For s imula t ion  purposes,  however, 
both systems were assumed t o  be configured as was t h e  prime system. 
t h e  s imulated systems (system 1 and system 2) are i d e n t i c a l .  System 1 
w a s  t he  prime test  a i r c r a f t ,  and t h e  a i r c r a f t  on which t h e  experimental  
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ANTENNA PATTERN MODELS 
Pattern Models for Statistical Studies 
For the statistical studies, the actual antenna patterns supplied 
RTI by NASA-LRC were represented by analytical expressions. Figures 1 
through 7 show the static patterns with'a broken line superimposed to 
indicate the corresponding analytical expression. 
below are the corresponding analytical expressions (note that the 
expressions indicate absolute voltage gain and are converted to power 
gain in db in the program). 
Equations 1 through 9 
Transmitter-Azimuth 
(4252.5 Q 2702.5 MHz) 
-0.479(130 - 0 )  Oe314 ; 0 0 5 130" A = l - e  
; 130" < 0 < 180" - -  A = 0.039 
Transmit t er-Azimuth 
(4252.5 SI 2702.5 MHz) 
A = l  
sin 90 
0.162 0 A =  
Transponder-Elevation 
(4252-5 MHz) 
A = cos 3.83 0 
sin 4,87 0 
0,00972 e A =  
; 0 < 0  <loo 
; 10" < e < 90" 
- -  




A = COS 3,74 e 
sin 46 
0.0301 0 1,43 
A =  
Transponder-Elevation 
(1550 Wdz) 
A = l  
sin 48 
0,0722 e A =  
Receiver-Azimuth 
0.847 -0.037i(i56-e) A = l - e  
A = 0,056 
Receiver-Elevation 
A = cos 2 , 3 4  0 ; o t e 5 2 o o  
sin 3.758 
1.76 A =  0,00773 e 
Pattern Models for Flight Test Simulation 
This section describes the antenna pattern models used for the flight 
test analysis. 
to a Fourier analysis to determine the Fourier coefficients for each of the 
The horizontal and vertical plane patterns were subjected 
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p a t t e r n s  suppl ied RTI  by NASA-LRC, 
w a s  then  recons t ruc ted  from t h e  series r e p r e s e n t a t i o n  ( r e f .  G-l)% 
The ga in  a t  a des i r ed  a spec t  (e,$) 





4 is e l e v a t i o n  i n  degrees  (0 - -  < 8 < 360) pos. up 
i s  azimuth i n  degrees  (0 - -  < 8 < 360) pose CW 
from nose 
are t h e  f o u r i e r  c o e f f i c i e n t s  
aP BP 
N i s  no. of d a t a  po in t s /2  (=180) 
A b r i e f  a n a l y s i s  w a s  conducted t o  i n d i c a t e  t h e  t o t a l  number of harmonics 
requi red  t o  accu ra t e ly  desc r ibe  t h e  p a t t e r n  s igna tu re .  
10 harmonics d id  no t  adequately d e s c r i b e  t h e  n u l l  reg ions  whi le  it w a s  f e l t  
t h a t  i n  excess  of 20 harmonic would in t roduce  computing e r r o r s  of s u f f i c i e n t  
ex ten t  t o  a c t u a l l y  degrade t h e  p a t t e r n .  For t h e  purpose of f l i g h t  test  
a n a l y s i s ,  20 harmonics w e r e  used i n  t h e  c a l c u l a t i o n  of t h e  ga ins .  
It w a s  observed t h a t  
The recons t ruc ted  p a t t e r n s  (see Fig.  6-8 f o r  an  example) were observed 
t o  reproduce t h e  s ta t ic  p a t t e r n s  w i t h i n  approximately two db over t h e  major 
po r t ion  of t h e  lobing s t r u c t u r e  and su f fe red  some degrada t ion  i n  t h e  n u l l  
reg ions  due t o  l ack  of h igh  frequency components. This  accuracy is considered 
adequate f o r  t h e  a n a l y s i s  
Ref. G - 1  Goertzel ,  G. "Fourier  Analysis ,"  Mathematical Methods - f o r  
D i g i t a l  Computers, Wiley 1964 
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Az. 4252.5 MHz 
Transmi t  
P 
Figure  G-1, Transmitter azimuth p a t t e r n  ( 4 , 2 5 2  GHz) 
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I 
EL. 4 2 5 2 . 5  M l k  
Transmit 
Figure G - 2 .  Transmitter elevation pattern (4 .252 GHz). 
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E l .  4252.5 MHz 
Transponder 
Receive 
I, , . 
Figure  0 3 .  Transponder r e c e i v e r ,  e l e v a t i o n  (4 .252 GHz). 
1 4 4  
- 
E l .  2702.5 MHz 
Transponder 
Rece ive  
F igu re  G-4. Transponder receiver, e l e v a t i o n  (2.702 GHz).  ' 
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E l .  1550 M H Z  
Transponder 
Transmit 
Figure G-5. Transponder transmitter, elevation (1.5 GHz) 
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ANTENNA GAIN VARIATION WITH RELATIVE 
ELEVATION ANGLE 
To determine t h e  v a r i a t i o n  of measured range wi th  e l e v a t i o n  angle ,  
t he  antenna p a t t e r n s  obtained i n  t h e  LRC anechoic chamber have been used 
t o  d e r i v e  t h e  curve of F igure  H-1. 
range t o  a c t u a l  range as a func t ion  of t he  e l e v a t i o n  angle  of the  
i n t r u d e r .  The curve takes  i n t o  account t h e  ga in  v a r i a t i o n  wi th  e l e v a t i o n  
of a l l  antennas i n  t h e  system. 
This  curve shows t h e  r a t i o  of measured 
A s  may be seen from t h e  curve,  t h e  r a t i o  of measured range t o  a c t u a l  
range remains r e l a t i v e l y  cons tan t  over a f 10 degree i n t e r v a l ,  and then 
r ap id ly  d e t e r i o r a t e s .  
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